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The livestock industry is the largest consumer of antibiotics worldwide. Antimicrobial 
resistant bacteria generated by this industry are introduced directly into the soil where we grow 
much of our food. Agricultural best management practices must be examined closely to identify 
those that may be improved upon in order to minimize impact on the evolution and spread of 
antimicrobial resistance. Monitoring for antibiotic resistance genes in the soil and water 
associated with agroecosystems can provide information regarding the impact these practices 
have on the spread of antibiotic resistance. The various methods of detection used for monitoring 
ARGs involve tradeoffs in sensitivity, diversity of targets, and throughput. The appropriate 
method used for monitoring ARGs in the environment is dependent on the scope of the 
experiment, and often multiple approaches are necessary to develop a comprehensive 
understanding of the complex processes involved in ARG dissemination in the environment. The 
experiments described in this dissertation leverage model systems simulating artificially drained 
crop soil along with a combination of methods used to monitor ARGs including shotgun 
metagenomic sequencing, MF-qPCR, and culture-based methods to assess the impact of various 
agricultural practices on the resistomes of agricultural soil and water. We found that the majority 
of the ARGs resulting from fertilization of crop soil with swine or beef cattle manure was not 
distinguishable from background by the end of our simulated growing seasons. However, those 
that did persist through the end of our studies were associated with mobile genetic elements that 
enhance the potential for those ARGs to transfer between members of a bacterial community. 
Additionally, we determined that swine and beef manure associated ARGs are transferred 




CHAPTER 1.    GENERAL INTRODUCTION 
1.1 Introduction 
The evolution of antibiotic resistance in bacteria progressively limits our ability to treat 
bacterial infections that threaten public health. To maintain the efficacy of our antibiotics, the 
management practices of industries that consume antibiotics, and therefore pose the greatest 
potential for propagating antibiotic resistance, must be closely monitored to identify those that 
may be improved upon in order to minimize the evolution and spread of antibiotic resistance. For 
example, the livestock industry is one of the largest consumers of antibiotics worldwide 
(Kirchhelle et al., 2018; Martin et al., 2015) and has been implicated in the propagation of 
antibiotic resistant bacteria (ARBs) and antibiotic resistance genes (ARGs) in manure (Zhu et al., 
2013; Looft et al., 2012; You et al., 2014) that are then transferred into soil when manure is used 
to fertilize cropland, and subsequently into adjacent water sources following rainfall (Zhu et al., 
2013; Su et al., 2014; Udikovic-Kolic et al., 2014; Chen et al., 2016; Yu et al., 2017; Wu et al., 
2010; Jechalke et al., 2014; Rieke et al., 2018; Smith and Colgan et al. 2019). Monitoring and 
assessment of the potential risks for antimicrobial resistance (AMR) dissemination into the 
environment and the emergence of multi-drug resistant pathogens associated with these practices 
is critical due to the connections with our food and water supplies. 
Common methods used for detecting ARGs in the environment are characterized by 
tradeoffs between the diversity of ARGs detected, the sensitivity of detection for individual 
ARGs, and the speed at which the data is generated. Shotgun metagenomics can be used to draw 
general patterns among a large diversity of genes with lower sensitivity. Targeted methods like 
qPCR can be used to generate highly sensitive quantitative data for a limited number of gene 




ARGs among a bacterial community are typically laborious and time consuming. The 
appropriate method used for monitoring ARGs in the environment is dependent on the scope of 
the experiment, and often multiple approaches are necessary to gain comprehensive insight 
regarding the factors driving the spread of antibiotic resistance. 
1.2 Shotgun Metagenomic Sequencing 
Shotgun metagenomic sequencing is a culture-independent approach in which random 
samples of short DNA fragments from a pool of environmental microbial genomes are 
sequenced to obtain millions of short sequence reads with lengths of roughly 150 bp each 
depending on the specific sequencing platform used. These reads must be computationally 
aligned and assembled into longer contiguous sequences (contigs) that can be queried against 
reference databases of known, annotated sequences in order to identify genes, including ARGs. 
Shotgun metagenomics can be advantageous in experiments seeking to draw correlations 
between a large number of diverse genes within a microbiome because of its non-targeted, 
random sampling of the collective metagenome. This random sampling helps to avoid the 
inherent bias introduced by other methods in which a limited number of gene targets must be 
chosen for detection. However, bias can be introduced using shotgun metagenomics because of 
its reliance on quality, comprehensive databases for identification of sequences. For example, if 
the database used to identify sequences in an environmental dataset is biased towards clinically 
relevant sequences, this bias will also be reflected in the sequences that are identified, or not 
identified, in the environmental dataset (Wu et al., 2009). A primary challenge of shotgun 
metagenomics is the cost associated with generating the magnitude of sequence reads required to 
accurately align the short reads into longer contigs. Confidence in the accuracy of alignments can 
be improved by generating enough high-quality sequence reads to cover the same base in a 




coverage, and the cost of a sequencing effort increases with increased sequence depth. High 
sequencing depth is also necessary for detection of relatively rare genes. For example, ARGs 
have been shown to make up less than 0.1% of the total metagenome in some environments 
(Guitor et al., 2020). Generating an accurate reflection of the diversity within environmental 
resistomes using shotgun metagenomics is cost prohibitive, especially in experiments involving 
an abundance of samples. Therefore, shotgun metagenomics allows lower resolution, high-
throughput, non-targeted detection of diverse ARGs that is bolstered by the availability of data 
regarding other genes from the metagenome.  
1.3 Microfluidic Quantitative Polymerase Chain Reaction 
 Microfluidic quantitative polymerase chain reaction (MF-qPCR) uses specialized chip 
arrays that significantly increase the throughput of qPCR assays. For example, the Biomark HD 
MF-qPCR platform (Fluidigm) uses chip arrays that can produce pairwise nanoliter volume 
reactions between 96 samples and 96 primer sets, resulting in a total of 9,216 qPCR reactions per 
chip. These assays require specialized methods and considerations not required by traditional 
qPCR in order to achieve similar limits of detection. For example, much less template DNA is 
distributed into each of the nanoliter volume reactions which lowers the limit of detection. 
Pooling all the desired primers together into a single multiplexed pre-amplification reaction of 
the target sample prior to detection with MF-qPCR has been shown to achieve limits of detection 
as low as traditional qPCR and orders of magnitude lower than shotgun metagenomics (Sandberg 
et al., 2018; Warish et al., 2018; Crane et al., 2018). However, multiplexed amplification of a 
large number of primer sets requires a thermal cycling at a single annealing temperate despite the 
variety of optimal annealing temperatures of each primer set. This can change the efficiency of 
amplification for each primer set in a way that may result in over or under amplification of 




primer combination to verify that all of the primers included show levels of amplification within 
the upper and lower limits of detection of the standards (Sandberg et al., 2018). Additionally, 
unique design characteristics for the primer sets used for MF-qPCR have been identified which 
further improve detection limits including optimal degeneracy scores, amplicon sizes, predicted 
melt temperatures, and guanine and cytosine content and (Crane et al., 2018). Therefore, MF-
qPCR can be used to achieve high resolution, high throughput, targeted quantification of ARGs 
but does not guarantee low limits of detection in the absence of special efforts to optimize each 
experiment. 
1.4 Reporter Strains 
 The detection of ARGs using the methods described above is an indicator of antibiotic 
resistance. However, it is limited in that it only demonstrates that resistance is encoded in DNA 
but not necessarily phenotypic resistance.  The presence of a marker gene in metagenomic DNA 
does not verify the host it came from, if it confers phenotypic resistance, or if it is linked with 
other MGEs that increase its potential for transmission. Other methods can be used to 
demonstrate phenotypic antibiotic resistance and its mobility between bacteria. For example, 
MacConkey media can be used to enrich for Enterobacteriaceae, a family of Gram-negative 
bacteria in which antibiotic resistance is widespread (Mossel et al., 1962). The resistance 
phenotypes of bacterial isolates and the transfer of resistance genes between bacteria can then be 
characterized using a variety of differential and selective medias in combination with 
conjugation assays (McLain et al., 2016). However, culture-based methods limit the portion of 
the mobile resistome that can be captured due to the limited number of bacteria in the 
environment that are culturable (Smalla et al., 2002; Steen et al., 2019). One way to gain 
information about the mobile resistance genes in the environment that circumvents the necessity 




(Smalla et al., 2002). This approach uses a recipient strain with unique selectable markers that 
allow them to be selectively recovered after conjugating with environmental microbial 
communities. For example, the mobility of mercury resistance plasmids in a river epilithon was 
demonstrated by attaching filters embedded with rifampicin resistant Pseudomonas putida 
KT224 recipient strain to rocks within the river to allow interaction with the aquatic microbial 
community (Bale et al., 1988). Recipient cells containing mercury resistance plasmids were later 
harvested from the filter and selected for on media containing the antibiotic rifampicin and 
mercury. Using methods that only require a recipient strain to be cultured therefore allows 
isolation of plasmids from potentially unculturable environmental bacteria. 
1.5 Organization of Dissertation and Research Goals 
 The various methods of detection used for monitoring ARGs involve tradeoffs in 
sensitivity, diversity of targets, and throughput. The appropriate method used for monitoring 
ARGs in the environment is dependent on the scope of the experiment, and often multiple 
approaches are necessary to develop a comprehensive understanding of the complex processes 
involved in ARG dissemination in the environment. In this dissertation, I have used a 
combination of methods including shotgun metagenomic sequencing, MF-qPCR, and culture-
based methods to enhance our knowledge regarding the factors driving the spread of antibiotic 
resistance in agroecosystems.  
Chapter 2, “Investigating the dispersal of antibiotic resistance associated genes from 
manure application to soil and drainage waters in simulated agricultural farmland systems,” 
presents a study published in PLOS One. The objective of the study was to determine the 
duration and extent to which fertilization of tile-drained crop soil with swine manure impacts the 
resistomes of associated soil and drainage water throughout a typical drainage season. We 




from a soil column experiment used to model manure-treated and artificially drained cropland. 
Specifically, we classified the ARGs detected in water draining from manure-treated soils that 
were either derived from manure or enriched by manure application and identified the manure-
derived ARGs that persisted in drainage water through the end of the drainage season. The 
results of this study informed the selection of ARGs and mobile elements targeted with greater 
resolution in subsequent chapters. 
In chapter 3, “Differential impact of swine and beef cattle manure treatment on the 
resistomes of soil and water associated with artificially drained cropland,” an additional soil 
column experiment was used to model artificially drained cropland treated with manure from 
either swine or beef cattle. The objective of this experiment was to characterize unique patterns 
in the transfer of ARBs and ARGs from swine and beef cattle manure through the model system 
in order to assess the unique risks for dissemination of ARBs and ARGs into the environment 
associated with each manure type. To do this, we used MF-qPCR to compare the abundances of 
select ARGs in swine and beef cattle manure-treated soil and water over time to identify 
differential patterns of movement and enrichment between systems.  
Chapter 4, “Sequence independent recovery of functional integron cassettes,” presents 
our methods and results describing the construction of a novel reporter strain of E. coli 
containing a synthetic integron designed to capture actively mobile integron cassettes using a 
conjugation assay. In this chapter, we describe the design and synthesis of the synthetic integron, 
its functional validation inside a host strain using a conjugation assay, and experimental 
optimization of the assay to enhance cassette capture frequency. Additionally, we describe 
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CHAPTER 2.    INVESTIGATING THE DISPERSAL OF ANTIBIOTIC RESISTANCE 
ASSOCIATED GENES FROM MANURE APPLICATION TO SOIL AND DRAINAGE 
WATERS IN SIMULATED AGRICULTURAL FARMLAND SYSTEMS 
Skyler D. Smith1*, Phil Colgan2*, Fan Yang2, Elizabeth L. Rieke2, Michelle L. Soupir1, Thomas 
B. Moorman3, Heather K. Allen3, Adina Howe1,2 
*Co-first Authors. 1 Bioinformatics and Computational Biology Department, Iowa State 
University; 2 Department of Agricultural and Biosystems Engineering, Iowa State University; 3 
United States Department of Agriculture Agricultural Research Service 
Modified from a manuscript published in PLOS One  
2.1 Abstract 
Manure from animals that have been treated with antibiotics is often used to fertilize 
agricultural soils and its application has previously been shown to enrich for genes associated 
with antibiotic resistance in agroecosystems. To investigate the magnitude of this effect, we 
designed a column experiment simulating manure-treated agricultural soil that utilizes artificial 
subsurface drainage to determine the duration and extent which this type of manure fertilization 
impacts the set of genes associated with antibiotic resistance in drainage water. We classified 
ARGs in manure-treated drainage effluent water by its source of origin. Overall, we found that 
61% and 7% of the total abundance of ARGs found in drainage water samples could be 
attributed to manure enrichment and manure addition, respectively. Among these ARGs, we 
identified 75 genes unique to manure that persisted in both soil and drainage water throughout a 






Antimicrobial resistance (AMR) is a global threat (Inoue et al., 2017). Infections 
associated with AMR have resulted in approximately 700,000 deaths each year worldwide (UNF, 
2017). With global antibiotic consumption expected to increase by 67% by 2030 (Van Boeckel et 
al., 2015), that number is expected to rise to near 10 million by 2050 (Ragnar et al., 2009). In 
response to this problem, regulatory organizations around the world have called for the 
development of strategies and regulations for the responsible management of anthropogenic 
antibiotic-resistant bacteria (ARB) and antibiotic resistance gene (ARG) pollution (Van Katwyk 
et al., 2017).  
Bacterial antibiotic resistance has been a known clinical issue since the first use of 
sulfonamides and penicillin in the late 1930’s and early 1940’s for treating human patients with 
bacterial infections (Davies et al., 2010). Since that time, antibiotic usage has expanded into 
animal agriculture in quantities that surpassed the amount of antibiotics used in human clinical 
settings (Van Boeckel et al., 2015). Sub-therapeutic doses of antibiotics have been used to 
improve feed efficiency and encourage growth promotion in livestock (Phillips et al., 2004). The 
2017 FDA ruling deemed it unlawful to use human applicable antibiotics for the purposes of 
animal growth promotion in the United States, but there has been continued usage of other 
antibiotics in livestock production to protect animal health.  
The use of antibiotics in animal production has been shown to increase the abundance of 
ARBs and ARGs within the gut microbial communities and feces of these animals (Zhu et al., 
2013; Looft et al., 2012; You et al., 2014). Studies have shown that fertilization of agricultural 
soils with manure collected from these antibiotic-treated animals introduced novel ARGs into the 




(Zhu et al., 2013; Su et al., 2014; Udikovic-Kolic et al., 2014; Chen et al., 2016; Yu et al., 2017; 
Wu et al., 2010; Jechalke et al., 2014; Rieke et al., 2018; D’Costa et al., 2011).  
Observed enrichment of ARBs and ARGs in soils surrounding animal production can be 
further compounded by the presence of artificial subsurface drainage systems underneath 
agricultural soils. Farmland in the upper midwestern United States is often modified with 
artificial subsurface drainage systems to protect crops from flooding by redirecting excess rain-
water to nearby rivers and streams. In the state of Iowa, an estimated 25 to 35% of cropland 
utilizes subsurface drainage systems, representing approximately 8 million acres (Zucker et al., 
1998). The ability to transport elements from farmland soil via the waterways has been well 
studied for macronutrients such as nitrogen (Dinnes et al., 2002; Helmers et al., 2012; McIsaac et 
al., 2004). These nutrients are applied to soil as fertilizer and have been observed to move into 
the water systems in such vast quantities that they have negatively affect water quality (Dale et 
al., 2010).  Previous field studies have also compared the movement of pathogens 
(Enterococcus), antibiotic-resistant bacteria, and antibiotic resistant genes (ermB and ermF) 
conferring resistance to macrolide antibiotics after injection of swine manure to soil.  In soil 
receiving the manure injection, copies of ermB, ermF, and tylosin-resistant Enterococcus 
increased substantially as these were present in the swine manure and concentrations of these 
genes remained elevated in soil over the levels found in the soil without manure application over 
the winter after fall application (Garder et al., 2014). Concentrations of Enterococcus and 
erythromycin resistance genes were lower in tile drainage water than in soil, but water draining 
from manure-treated soil contained more ermB and ermF than drainage from soils without 





The potential of ARBs and ARGs to spread throughout the environment has led to their 
classification as emerging contaminants (Pruden et al., 2006). In order to determine the impact 
our farming practices have on the suite of ARGs in the environment, or the resistome, we must 
differentiate between anthropogenic ARG contamination and background levels of ARGs that 
naturally occur in the farmland environment (D’Costa et al., 2011; Van Goethem et al., 2018; 
Allen et al., 2010; Martinez et al., 2009; Martínez et al., 2012). This ability to monitor 
anthropogenic ARGs will be central to developing strategies to inform regulations regarding 
responsible management of ARG pollution. To gain evidence of the effect of manure-associated 
ARGs moving through soil and into drainage water, we designed a soil column experiment 
modelling manure-treated cropland that uses artificial subsurface drainage. The diversity and 
abundance of ARGs in both the soil and drainage water were monitored following six 
intermediate rainfall simulations spanning a 108-day drainage season. The objective of this 
experiment was to determine the duration and extent to which manure fertilization of these soils 
impacts the environmental resistomes, as well as characterize the antibiotic resistance classes 
that are most associated with genes originating from manure. 
2.3 Methods 
2.3.1 Soil Columns 
Soil column construction, experimental design and sampling procedures were previously 
described in detail by (Luby et al., 2018).  This study utilized soil and effluent DNA extracts 
resulting from manured and non-manured soil columns which were maintained under chisel plow 
management. Briefly, soil columns were extracted from the Iowa State University Northeast 
Research and Demonstration Farm, near Nashua, IA, United States (43.0° N, 92.5° W). These 
soils either have a known manure treatment history, with the last application occurring two years 




from 46-51 cm from the soil surface.  The depth of column was chosen to mimic typical depths 
to artificial tile drainage.  The experiment was performed at Iowa State University, under typical 
building temperature conditions.  Manure and non-manured sets of soil columns were 
destructively sampled prior to manure application and 24, 59, and 108 days following manure 
application.  The top 15 cm of soil from each column was extracted, homogenized by hand, and 
sub-sampled for DNA extraction.  Six simulated rainfall events (each event represented by 1 L 
deionized water) were conducted over the course of the 108 day experiment.  Effluent collected 
10 and 24 days after manure application was derived from soil columns destructed on Day 24.  
Similarly, effluent collected 38 and 59 days after manure application was derived from columns 
destructed on Day 59 and effluent collected 80 and 108 days after manure application was 
derived from columns destructed 108 days after manure application. Leachate was collected in 1 
L sterile Nalgene bottles located on racks below the columns. 
Manure was obtained from a swine finishing facility that supplemented antibiotics in 
feed. These antibiotics included both macrolide and tetracycline antibiotics (personal 
communication), in accordance with standard swine production commercial practices. Manure 
was tested for the presence of antibiotics by the Water Sciences Laboratory at the University of 
Nebraska, as previously described (Barlelt-Hunt et al., 2011; Zhang et al., 2013). 
2.3.2 DNA Sequencing 
DNA was extracted from soil and manure as control references before the experiment 
was conducted. Eighteen of the soil columns were fertilized with manure treatment, and the other 
half were used as controls receiving no manure treatment; all were subjected to the simulated 
rainfall. The 6 rainfall events were performed on days 10, 24, 38, 59, 80, and 108 after manure 
treatment (day 0). After each rainfall, drainage water was collected from all columns for DNA 




DNA was extracted as previously described (Rieke et al., 2018). For every DNA extraction in 
this study, 4 replicates were taken, totaling 56 samples collected.  
Shotgun metagenome sequencing was performed on the 56 samples (Appendix Table 
A1). Sequencing was performed at the Iowa State University DNA Facility using an Illumina 
HiSeq 3000 platform with 150 bp paired-end sequencing. Metagenome libraries ranged from 8.4 
to 50.1 Mbp. Trimmomatic (version 0.33) (Bolger et al., 2014) was used for Nextera PE adapter 
removal and sequence quality trimming with removal of leading and trailing low quality or N 
bases below quality 3, trimming when the average quality per base drops below 15 in any 4-base 
sliding window, and removal of reads less than 36 bp in length. The quality-trimmed sequencing 
reads were compared to known genes in the Comprehensive Antibiotic Resistance Database 
(CARD, version 2.0.1) (Mcarthur et al., 2013) using BLAST (version 2.4.0) (Altschul et al., 
1990). For a sequence to be considered matched to a known CARD gene, both read pairs from 
the metagenome were required to have a minimum alignment E-value of 1e-5. If multiple genes 
matched for the same read pair, the alignment with the best score was selected. To estimate the 
abundance of a gene, the total number of observed reads for that gene was normalized by the 
number of recA gene sequences (Fungene recA gene database, version 9.6, (Fish et al., 2013)) 
observed in each corresponding metagenome, giving an estimate of the per-cell abundance. 
2.3.3 Data Analysis 
Analysis was performed within the R software environment using the phyloseq data-
standard (McMurdie et al., 2013) and analyzed using the phyloshit package (Smith et al., 2019). 
2.3.4 Source Derived ARGs 
The presence of ARGs was compared between control samples (soil and manure) (Fig 1). 
This comparison determined which genes were shared between the two sources and which were 




the manure-treated columns after rainfall events were labeled “persisters”, as they persisted in 
the environment after introduction. Genes that were common between the manure and soil were 
considered to have a potential to be naturally occurring, along with the soil-derived genes. 
2.3.5 Classify Sources of Enrichment 
To identify how genes that are naturally present in the soil were affected by the manure 
treatment and rainfall, we examined the total abundance of ARGs in each treatment for each 
sample. Any gene seen in a higher abundance relative to the control soil in the effluent-control 
samples was labeled as “water-enriched”. Any genes that were not water-enriched that were seen 
to increase in abundance in the manure-treated columns relative to the control-soil were labeled 
as “manure-enriched”. These genes could include the genes that were observed to be present in 
both the soil and manure control samples. 
2.3.6 Sample Variance 
The abundance of each ARG for the technical replicates for each sample were compared 
with the vegan::adonis() function in R (Wagner et al., 2019). This function is an implementation 
of a statistical ANOVA applied to distance matrices. This test allowed us to determine if 
replicates should be treated as independent or could be analyzed together in subsequent tests. To 
quantify the variation between samples we used pair-wise Mann-Whitney testing, 
stats::wilcox.test(). The t-Distributed Stochastic Neighbor Embedding (t-SNE) is a machine-
learning method that uses distance matrices for ordination of datasets. This was applied to the 
dataset here using Bray-Curtis distance measurement to visualize how the variation between 
samples could be plotted in space. Along with the dimensionality reduction, 95% confidence 






Antibiotics detected in manure used in the column experiments included high 
concentrations of tetracyline, 4890.1 ng/g dry weight, and oxytetracycline, 748.7 ng/g dry 
weight. Additionally, 230.6 ng/g dry wt of ractopamine, 18.8 ng/g dry wt of tiamulin, 15.9 ng/g 
dry weight tylosin, and 1.3 ng/g dry wt of monensin were observed.  
Shotgun sequencing produced on average 30 million read sequences per sample, with a 
standard deviation of 13 million. The mean percentage of reads associated with a CARD ARG in 
control soil and manure samples were 0.002% and 0.198%, respectively.  Manure-treated soil 
and effluent metagenomes were associated with a mean of 0.028% and 0.009% ARG reads, and 
untreated effluent metagenomes were associated with a mean of 0.005% ARG reads.   
No significant differences were found between replicate sample resistomes (p = 1). 
Significant differences were observed between the resistome of manure and soil (p < 0.05) and 
soil and manure-treated soil (p < 0.05), based on pair-wise statistical analysis with Mann-
Whitney testing of the variance.  
Plotting the t-SNE ordination (Fig 2), separation of untreated soil and manure-treated soil 
were seen along the two axes. Sub-clusters could be identified that corresponded with groupings 
of the 4 replicate samples representing the same sampling days, indicating the effect of time on 
the resistome composition that was not found to be statistically significant. 
In the metagenomes from the study, 320 unique genes associated with antibiotic 
resistance were identified (Appendix Table A2). Of these, 173 were found in the control manure 
samples and 176 in control soil samples; 85 ARGs were observed in the resistome shared 
between manure and soil samples. By read count, the manure resistome was observed to be 57% 
composed of ARGs associated with resistance to tetracycline antibiotics, 19% of associated to 




the majority of the soil resistome was 63% composed of genes associated with resistance to 
multiple classes of antibiotics (Fig 3). 
Of the 88 ARGs unique to the manure resistome, 75 were detected in manure-treated soil 
samples, and 69 were detected in manure-treated effluent samples. These persisters were 
comprised mostly of genes associated with resistance to aminoglycoside (49%) and tetracycline 
antibiotics (22%) (Fig 4). 
The persisters comprised 7% of the abundance of genes detected in the manure-treated 
effluent (Table 1). Twenty-five of these genes exhibited strong persistence, appearing in at least 
half of all manure-treated samples across all time points (Fig 5, Appendix Fig A1). Most of these 
persisters decreased in abundance over time in both soil and effluent, with the exception of 
sequences associated with tet(33), which increased in abundance over time in the manure-treated 
effluent. 
From the 176 observed ARGs in the untreated soil, 98 were water-enriched, which 
accounted for 30% of the abundance in the manure-treated effluent. There were also 63 manure-
enriched ARGs in soils, accounting for 60% of the manure-treated effluent ARG abundance (Fig 
6). 
2.5 Discussion 
The manure used in this study was collected from swine that had received macrolide and 
tetracycline antibiotics in feed, which corresponded to the high abundance of tetracycline 
resistance genes in metagenomes of that manure (57%) that we observed. We found that these 
manures are associated with more abundant and contrasting resistome to the soils.  
Similar to a previous study that characterized the ARG composition of pristine soils (Van 
Goethem et al., 2018), the mechanism of action for the majority of the ARGs observed in 




pumps. These types of multi-drug efflux pumps generally remove toxic metabolites (Groh et al., 
2007; Martinez et al., 2009; Poole, 2014) in addition to conferring antibiotic resistance. Thus, in 
soils, it is possible that these genes may be co-selected for by factors unrelated to antibiotics. 
Phylogenetic inference of the ARG sequences detected in the soil indicates that most observed 
genes are likely chromosomally located in typical soil bacteria. In comparison, the majority of 
manure-derived ARGs found were associated with various mobile genetic elements (MGEs) in 
known food- and water-borne pathogens, including Campylobacter jejuni, Chlostridium 
perfringens, and Chlostridioides difficile. These MGEs include plasmids, transposons, and 
integrons that may enhance the risk for mobility and transfer of associated ARGs between 
members of a manure-amended soil microbial community. The most abundant persisting ARG 
sequence found in manure-applied soil was homologous to an aminoglycoside resistance gene, 
ANT(6)-Ib, found on a transferrable pathogenicity island in Campylobacter fetus (Abril et al., 
2010). Additionally, one of the most abundant ARG sequences found in manure-applied soil 
shared homology with the gene tet(33). This gene was previously found on a multi-drug resistant 
conjugative plasmid, pTET3, that harbors additional mobile genetic elements such as IS6100 
insertion sequences, an integrase and integron cassettes (Tauch et al., 2002).  
The ordination of the resistomes for each sample highlights the effect of the manure 
application to the soil and drainage water effluent (Fig 2). The manure and control soil samples, 
including the control effluent that consists of only ARGs derived from the soil, reside on 
opposing quadrants of the graph, indicative of their contrasting resistomes. The manure-treated 
samples, both soil and effluent, can be seen between the control samples, evidence to the 





We observed an increase in relative abundance of ARGs in the soil directly after manure 
application that remained detectable but gradually attenuated over time (Fig 3), which is in 
agreement with similar studies investigating the temporal impact of manure application on the 
resistome of agricultural soil (Marti et al., 2014; Muurinen et al., 2017; Riber et al., 2014). The 
three most indicative AMR classes of the manure resistome are the tetracyclines, 
aminoglycoside, and sulfonamides. The tetracycline and aminoglycoside ARGs are observed in 
the control soils, but in low relative abundance, while the sulfonamide ARGs are not present at 
all. After manure application to the soil, the tetracycline and aminoglycoside AMR classes 
became the majority represented groups in the resistome, and sulfonamides have a noticeable 
presence. Over time there is a slow shift back towards the control soil resistome, with the 
increasing presence of phenicol, beta-lactam, aminocoumarin, and unclassified AMR classes. 
Although the observed shift back to the native soil resistome could be the result of the 
dominating presence of the soil ARGs, it is also likely that the introduced ARGs from manure 
are being flushed out of the system, as evidenced by the presence of these ARGs in effluent 
water samples. We also observe that ARGs persist in the environment at contrasting capacities. 
While most ARGs from manure seen in effluent tended to decrease in abundance in effluent over 
time, a total of 25 ARGs of the original 88 persisters remained in effluent samples throughout the 
study and some were also observed to be enriched in abundance. Sequences matching the tet(33) 
were associated with a notable trend in manure-treated effluent. The relative abundance of 
sequences associated with tet(33) in manure-treated soil followed the same general trend of 
decreasing presence, but increased after day 59, becoming the most abundant by day 108. In the 
treated effluent, the relative abundance of sequences associated with tet(33) was initially high but 




This gene is homologous to a sequence found on several plasmids that is flanked by IS6100 
insertion elements, increasing its potential for mobility through transposition. IS6100 insertion 
elements were previously found to co-occur with clusters of genes conferring multiple antibiotic 
resistance in swine manure and also with class 1 integrase genes (Johnson et al., 2016). Our 
observations of sequences associated with tet(33) are also consistent with the measurable 
concentrations of tetracycline antibiotics in the manure and its previous associations with 
multiple MGEs. Its persistence and enrichment in manure treated effluent make this gene and its 
associated with manure impact key targets for future studies. 
The largest proportion of ARGs found in the manure-treated effluent could be detected, 
though in low abundances, in untreated soils, but were enriched after manure application and rain 
events. The enrichment of these genes could be explained by increased water content an influx of 
nutrients that enhance microbial growth (Udikovic-Kolic et al., 2014), or by direct addition from 
the manure microbiome, as 85 ARGs were shared between them.  
The extent of the impact of manure fertilization is determined by both the manure-
enriched and persister ARGs. These genes comprised 80% of the abundance of ARGs detected in 
manure and 68% of that observed in manure-treated effluent. These same manure-enriched genes 
represented only 1% of the abundance of ARGs in effluent of untreated soil.  The high 
proportion of ARGs from manure treatment highlights the impact manure treatment had on the 
resistome in effluent waters in our study.   
Our study provides evidence that manure-derived genes have a strong potential to not 
only persist in agricultural soil but also in water in areas that utilize artificial subsurface drainage 
systems. The results demonstrate the need to better understand the diversity of ARGs and their 




environment. Because of the increasing global challenge of antibiotic resistance, we have been 
increasingly aware of the need to monitor the fate and transport of ARGs and ARBs in the 
environment, and our study provides further rationale to support these efforts. Importantly, for 
this study, shotgun metagenomic sequencing methods were used to detect and evaluate a broad 
diversity of ARGs and identify their potential associating ARBs. It is notable, however, that 
ARGs comprised only <0.01% of soil and water metagenomes. Consequently, metagenomic 
sequencing for large scale monitoring efforts would require extensive sequencing and high costs. 
This study highlighted genes that are associated with swine manure into soil and water that can 
be detected with targeted approaches, such as qPCR, to complement continued metagenomic 
characterization of ARGs. An understanding of these genes will allow us leverage targeted 
approaches that can help us better understand their mechanisms of dispersal in connected 
environments. 
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2.8 Figures and Tables 
 
Fig 1. Classification of potential sources of ARGs in effluent from manure-treated and untreated 
soil columns. ARGs were categorized based on presence in one or multiple sources and 







Fig 2. t-SNE dimension reduction using the Bray-Curtis distance of the 56 samples, based on 
read-sequence relative abundance. Different shapes represent different sample sources (e.g., both 
control soil and manure-treated soil samples are squares). The ellipse represents 95% confidence 
intervals of the variance for each sample type. 
 
 
Fig 3. Relative abundance of ARGs (averaged for four replicate samples at each time point) 
categorized by associations with antibiotic resistance class in the CARD database. Samples are 
displayed in groupings by sample type. “Multiple Resistance” for ARG classification refers to 






Fig 4. Abundance of persister ARGs observed in manure-treated soil and manure-treated effluent 
samples after each rain event. Abundance is averaged for 4 replicate samples at each time point 
and normalized by number of recA genes present in each sample. “Multiple Resistance” for ARG 




Fig 5.  Abundance of 25 persister ARGs observed in manure-treated soil and manure-treated 
effluent samples in at least half of all samples after each rain event. Abundance is averaged for 4 
replicate samples at each time point, and normalized by number of recA genes present in each 






Fig 6.  Abundance of ARGs observed in manure-treated effluent samples, summed across all 
sampling days. Abundance normalized by number of recA genes present. “Multiple Resistance” 
for ARG classification refers to any gene that has been annotated as associated with more than a 
single antibiotic class. 
 
Table 1.  The percentage and origin of ARGs in manure-treated effluent.  ARG percentage 
represents the estimated percentage of abundance of observed ARGs. 
 
Classification ARG Percentage 
Manure Enriched 0.612 
Water Enriched 0.308 









Fig A1.  The changes of abundance of observed ARG persister genes (average count per recA 
gene) in manure treated soil (left panel) and manure treated effluent (right panel) over time. The 
persister genes are on the y-axis and the same color represents the same class of antibiotic 
resistance. The gene abundance was averaged across 4 samples collected on the same sampling 
day and displayed in logarithm scale.  
Table A1.  Metagenomes and number of ARGs associated from soil column experiment.  Day is 
the day after manure application and represents the day of a simulated rainfall event. 
 
Matrix Treatment Day Sample ID SRA Accession Number of 
Reads (x 1e6) 
ARG 
Count 
ARG, % of Reads 
Manure Control 0 A33_S33_L005 SRR8931217 34.2 67626 0.198 
Manure Control 0 A36_S36_L005 SRR8931220 35.5 70050 0.197 
Manure Control 0 A34_S34_L005 SRR8931218 41.9 84099 0.201 
Manure Control 0 A35_S35_L005 SRR8931219 42.8 83129 0.194 
Soil Control 0 AH17_S17_L006 SRR8931209 11.1 278 0.003 
Soil Control 0 AH18_S18_L006 SRR8931191 11.8 218 0.002 
Soil Control 0 AH19_S19_L006 SRR8931205 11.8 218 0.002 





Table A1 continued 
 
Matrix Treatment Day Sample ID SRA Accession Number of Reads (x 1e6) 
ARG 
Count ARG, % of Reads 
Effluent 
Manure 
treated 10 A39_S39_L005 SRR8931215 33.7 6538 0.019 
Effluent Manure treated 10 A37_S37_L005 SRR8931213 38.2 6479 0.017 
Effluent Manure 
treated 
10 A40_S40_L005 SRR8931216 38.8 7062 0.018 
Effluent Manure treated 10 A38_S38_L005 SRR8931214 44 7780 0.018 
Effluent Manure 
treated 
24 AH05_S9_L006 SRR8931194 8.4 946 0.011 
Effluent Manure treated 24 AH07_S11_L006 SRR8931190 10.5 1259 0.012 
Effluent Manure 
treated 
24 AH08_S12_L006 SRR8931212 11.2 1246 0.011 
Effluent 
Manure 
treated 24 AH06_S10_L006 SRR8931193 50.1 1497 0.003 
Effluent Manure 
treated 
38 A42_S42_L006 SRR8931211 28.4 2465 0.009 
Effluent 
Manure 
treated 38 A41_S41_L006 SRR8931210 32.4 3179 0.010 
Effluent Manure 
treated 
38 A43_S43_L006 SRR8931237 43.7 3761 0.009 
Effluent 
Manure 
treated 38 A44_S44_L006 SRR8931238 44.1 3970 0.009 
Effluent Manure treated 59 AH10_S14_L006 SRR8931208 9.7 496 0.005 
Effluent 
Manure 
treated 59 AH09_S13_L006 SRR8931222 10.6 488 0.005 
Effluent Manure treated 59 A57_S57_L008 SRR8931196 28.6 2292 0.008 
Effluent 
Manure 
treated 59 A58_S58_L008 SRR8931195 30.2 2486 0.008 
Effluent Manure treated 80 A48_S48_L006 SRR8931242 33.7 1077 0.003 
Effluent Manure 
treated 
80 A46_S46_L006 SRR8931240 39 1945 0.005 
Effluent Manure treated 80 A47_S47_L006 SRR8931241 39.3 1289 0.003 
Effluent Manure 
treated 
80 A45_S45_L006 SRR8931239 41 1351 0.003 
Effluent 
Manure 
treated 108 AH14_S18_L002 SRR8931189 36.8 2420 0.007 
Effluent Manure 
treated 
108 AH13_S17_L002 SRR8931192 39 2913 0.007 
Effluent 
Manure 
treated 108 AH15_S19_L002 SRR8931221 40.1 4014 0.010 
Effluent Manure 
treated 
108 AH16_S20_L002 SRR8931203 41.8 4060 0.010 
Soil 
Manure 
treated 24 AH21_S25_L006 SRR8931225 9.1 2831 0.031 
Soil Manure 
treated 
24 AH24_S28_L006 SRR8931226 10.1 2987 0.030 
Soil 
Manure 
treated 24 A60_S60_L008 SRR8931197 37.8 16054 0.042 
Soil Manure treated 24 A59_S59_L008 SRR8931198 40.2 19161 0.048 
Soil 
Manure 





Table A1 continued 
 
Matrix Treatment Day Sample ID SRA Accession Number of Reads (x 1e6) 
ARG 
Count ARG, % of Reads 
Soil 
Manure 
treated 59 AH28_S32_L006 SRR8931228 9.4 704 0.007 
Soil Manure treated 59 A62_S62_L008 SRR8931206 40.6 11542 0.028 
Soil Manure 
treated 
59 A61_S61_L008 SRR8931207 44.2 14738 0.033 
Soil Manure treated 108 AH32_S24_L006 SRR8931224 12 2393 0.020 
Soil Manure 
treated 
108 AH29_S21_L006 SRR8931223 14.7 11759 0.080 
Soil Manure treated 108 A63_S63_L008 SRR8931235 33.7 3030 0.009 
Soil Manure 
treated 
108 A64_S64_L008 SRR8931236 40.4 2948 0.007 
Effluent 
No 
manure 24 A51_S51_L007 SRR8931229 37.9 1698 0.004 
Effluent No 
manure 
24 A49_S49_L007 SRR8931243 38.9 1591 0.004 
Effluent 
No 
manure 24 A52_S52_L007 SRR8931230 39.1 1376 0.004 
Effluent No 
manure 
24 A50_S50_L007 SRR8931244 45.5 1790 0.004 
Effluent 
No 
manure 59 A55_S55_L007 SRR8931202 26.5 769 0.003 
Effluent No manure 59 A56_S56_L007 SRR8931201 35.5 3245 0.009 
Effluent 
No 
manure 59 A53_S53_L007 SRR8931200 43.6 4032 0.009 
Effluent No manure 59 A54_S54_L007 SRR8931199 46.7 4733 0.010 
Effluent 
No 
manure 108 AH02_S14_L002 SRR8931234 23.7 405 0.002 
Effluent No manure 108 AH01_S13_L002 SRR8931233 32.6 595 0.002 
Effluent No 
manure 
108 AH04_S16_L002 SRR8931232 36.5 837 0.002 
Effluent No manure 108 AH03_S15_L002 SRR8931231 38.3 1192 0.003 
 
Table A2.  ARGs identified in soil column study and their classification of origin. 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Aminocoumarin mdtA antibiotic efflux Soil 
Aminocoumarin mdtB antibiotic efflux Water_Enriched 
Aminocoumarin mdtC antibiotic efflux Water_Enriched 
Aminocoumarin novA antibiotic efflux Manure_Enriched 
Aminocoumarin Streptomyces mutation conferring antibiotic resistance Water_Enriched 
Aminoglycoside AAC(2')-Ib acylation of antibiotic conferring resistance Water_Enriched 
Aminoglycoside AAC(2')-Ie acylation of antibiotic conferring resistance Water_Enriched 
Aminoglycoside AAC(3)-Ib acylation of antibiotic conferring resistance Manure_Persister 




Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Aminoglycoside AAC(6')-Iae acylation of antibiotic conferring resistance Background 
Aminoglycoside AAC(6')-Iak acylation of antibiotic conferring resistance Background 
Aminoglycoside AAC(6')-Ib' acylation of antibiotic conferring resistance Manure_Enriched 
Aminoglycoside AAC(6')-Ib7 acylation of antibiotic conferring resistance Manure_Enriched 
Aminoglycoside AAC(6')-Ie-APH(2'')-Ia 
phosphorylation of antibiotic conferring 
resistance Manure_Persister 
Aminoglycoside AAC(6')-IIa acylation of antibiotic conferring resistance Manure_Persister 
Aminoglycoside AAC(6')-Iid acylation of antibiotic conferring resistance Manure_Persister 
Aminoglycoside AAC(6')-Ip acylation of antibiotic conferring resistance Manure_Persister 
Aminoglycoside aad(6) 
nucleotidylation of antibiotic conferring 
resistance Manure_Persister 
Aminoglycoside aadA nucleotidylation of antibiotic conferring resistance Manure_Persister 
Aminoglycoside aadA11 nucleotidylation of antibiotic conferring 
resistance 
Manure_Enriched 
Aminoglycoside aadA11 nucleotidylation of antibiotic conferring resistance Manure_Persister 
Aminoglycoside aadA13 nucleotidylation of antibiotic conferring 
resistance 
Manure_Persister 
Aminoglycoside aadA14 nucleotidylation of antibiotic conferring resistance Manure_Persister 




nucleotidylation of antibiotic conferring 
resistance Water_Enriched 




nucleotidylation of antibiotic conferring 
resistance Manure_Enriched 




nucleotidylation of antibiotic conferring 
resistance Manure_Persister 
Aminoglycoside aadA5 nucleotidylation of antibiotic conferring resistance Manure_Persister 
Aminoglycoside aadA6 
nucleotidylation of antibiotic conferring 
resistance Water_Enriched 
Aminoglycoside aadA7 nucleotidylation of antibiotic conferring resistance Background 
Aminoglycoside aadA8 
nucleotidylation of antibiotic conferring 
resistance Manure_Enriched 
Aminoglycoside aadA9 nucleotidylation of antibiotic conferring resistance Manure_Enriched 
Aminoglycoside acrD antibiotic efflux Water_Enriched 
Aminoglycoside amrA antibiotic efflux Water_Enriched 
Aminoglycoside amrB antibiotic efflux Water_Enriched 
Aminoglycoside ANT(4')-Ib 
nucleotidylation of antibiotic conferring 
resistance Manure_Enriched 










Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Aminoglycoside ANT(9)-Ia nucleotidylation of antibiotic conferring resistance Manure_Persister 




phosphorylation of antibiotic conferring 
resistance Manure_Persister 




phosphorylation of antibiotic conferring 
resistance Manure_Enriched 




phosphorylation of antibiotic conferring 
resistance Manure_Persister 
Aminoglycoside APH(3')-IIIa phosphorylation of antibiotic conferring resistance Manure_Enriched 
Aminoglycoside APH(3')-VI 
phosphorylation of antibiotic conferring 
resistance Manure_Persister 
Aminoglycoside APH(3')-VIa phosphorylation of antibiotic conferring resistance Manure_Persister 
Aminoglycoside APH(4)-Ia phosphorylation of antibiotic conferring 
resistance 
Manure_Persister 
Aminoglycoside APH(6)-Ia phosphorylation of antibiotic conferring resistance Soil 
Aminoglycoside APH(6)-Ib phosphorylation of antibiotic conferring 
resistance 
Background 
Aminoglycoside APH(6)-Ic phosphorylation of antibiotic conferring resistance Manure_Enriched 
Aminoglycoside APH(6)-Id phosphorylation of antibiotic conferring 
resistance 
Manure_Enriched 
Aminoglycoside cpxA antibiotic efflux Soil 
Aminoglycoside npmA Unclassified Manure_Persister 
Aminoglycoside Pseudomonas antibiotic efflux Water_Enriched 
Aminoglycoside rmtF Unclassified Manure_Persister 
Aminoglycoside spd 




farA antibiotic efflux Water_Enriched 
Beta-Lactam ACI-1 
hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Manure_Persister 




hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Water_Enriched 
Beta-Lactam BcI hydrolysis of beta-lactam antibiotic by metallo-beta-lactamase Background 
Beta-Lactam BcII 
hydrolysis of beta-lactam antibiotic by metallo-
beta-lactamase Background 
Beta-Lactam BJP-1 hydrolysis of beta-lactam antibiotic by metallo-beta-lactamase Water_Enriched 
Beta-Lactam Bla2 
hydrolysis of beta-lactam antibiotic by metallo-
beta-lactamase Background 
Beta-Lactam BlaB hydrolysis of beta-lactam antibiotic by metallo-beta-lactamase Water_Enriched 
Beta-Lactam blaF hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase 
Background 




Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Beta-Lactam BUT-1 hydrolysis of beta-lactam antibiotic by serine beta-lactamase Background 




hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Background 




hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Manure_Persister 




hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Water_Enriched 
Beta-Lactam CTX-M-75 hydrolysis of beta-lactam antibiotic by serine beta-lactamase Background 
Beta-Lactam EXO 
hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Background 
Beta-Lactam FEZ-1 hydrolysis of beta-lactam antibiotic by metallo-beta-lactamase Background 
Beta-Lactam GES-23 hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase 
Water_Enriched 
Beta-Lactam JOHN-1 hydrolysis of beta-lactam antibiotic by metallo-beta-lactamase Background 
Beta-Lactam L1 hydrolysis of beta-lactam antibiotic by metallo-
beta-lactamase 
Background 
Beta-Lactam LRA-1 hydrolysis of beta-lactam antibiotic by serine beta-lactamase Water_Enriched 




hydrolysis of beta-lactam antibiotic by metallo-
beta-lactamase Background 




hydrolysis of beta-lactam antibiotic by metallo-
beta-lactamase Soil 




hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Background 
Beta-Lactam OCH-2 hydrolysis of beta-lactam antibiotic by serine beta-lactamase Background 
Beta-Lactam OCH-6 
hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Water_Enriched 
Beta-Lactam OCH-7 hydrolysis of beta-lactam antibiotic by serine beta-lactamase Background 
Beta-Lactam OKP-B-20 
hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Background 
Beta-Lactam OXA-114a hydrolysis of beta-lactam antibiotic by serine beta-lactamase Background 
Beta-Lactam OXA-209 hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase 
Manure_Persister 
Beta-Lactam OXA-22 hydrolysis of beta-lactam antibiotic by serine beta-lactamase Water_Enriched 




hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Background 






Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Beta-Lactam OXA-368 hydrolysis of beta-lactam antibiotic by serine beta-lactamase Water_Enriched 




hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Water_Enriched 




hydrolysis of beta-lactam antibiotic by serine 
beta-lactamase Background 




hydrolysis of beta-lactam antibiotic by metallo-
beta-lactamase Water_Enriched 
Beta-Lactam TEM-220 hydrolysis of beta-lactam antibiotic by serine beta-lactamase Manure_Persister 
Diaminopyrimidine dfrA1 antibiotic target replacement Manure_Persister 
Diaminopyrimidine dfrA20 antibiotic target replacement Manure_Enriched 
Diaminopyrimidine dfrA21 antibiotic target replacement Water_Enriched 
Diaminopyrimidine dfrB3 antibiotic target replacement Water_Enriched 
Diaminopyrimidine dfrD antibiotic target replacement Manure_Persister 
Diaminopyrimidine dfrG antibiotic target replacement Background 
Elfamycin facT antibiotic efflux Manure_Enriched 
Fluoroquinolone lrfA antibiotic efflux Water_Enriched 
Fluoroquinolone mdtK antibiotic efflux Background 
Fluoroquinolone patA antibiotic efflux Water_Enriched 
Fluoroquinolone qacH antibiotic efflux Manure_Persister 
Fluoroquinolone QnrB12 Unclassified Background 
Fluoroquinolone tolC antibiotic efflux Background 




restructuring of bacterial cell wall conferring 
antibiotic resistance Soil 




restructuring of bacterial cell wall conferring 
antibiotic resistance Background 




restructuring of bacterial cell wall conferring 
antibiotic resistance Background 
Glycopeptide vanRO restructuring of bacterial cell wall conferring antibiotic resistance Manure_Enriched 
Glycopeptide vanSA 
restructuring of bacterial cell wall conferring 
antibiotic resistance Background 
Glycopeptide vanSF restructuring of bacterial cell wall conferring antibiotic resistance Background 
Glycopeptide vanSM restructuring of bacterial cell wall conferring 
antibiotic resistance 
Background 




Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Glycopeptide vanTG restructuring of bacterial cell wall conferring antibiotic resistance Manure_Persister 




restructuring of bacterial cell wall conferring 
antibiotic resistance Background 




nucleotidylation of antibiotic conferring 
resistance Manure_Persister 




nucleotidylation of antibiotic conferring 
resistance Manure_Persister 
Lincosamide lnuD nucleotidylation of antibiotic conferring resistance Manure_Persister 
Lincosamide lnuF 
nucleotidylation of antibiotic conferring 
resistance Manure_Persister 
Lincosamide lnuG nucleotidylation of antibiotic conferring resistance Manure_Persister 
Macrolide Bacillus phosphorylation of antibiotic conferring 
resistance 
Background 
Macrolide carA antibiotic target protection Water_Enriched 
Macrolide EreB hydrolysis of macrolide macrocycle lactone ring Background 
Macrolide macB antibiotic efflux Water_Enriched 
Macrolide mefA antibiotic efflux Manure_Enriched 
Macrolide mefB antibiotic efflux Manure_Persister 
Macrolide mefC antibiotic efflux Background 
Macrolide mgtA glycosylation of antibiotic conferring resistance Background 




phosphorylation of antibiotic conferring 
resistance Manure_Persister 
Macrolide mphG phosphorylation of antibiotic conferring resistance Background 
Macrolide oleB antibiotic target protection Water_Enriched 
Macrolide oleC antibiotic efflux Water_Enriched 
Macrolide oleD glycosylation of antibiotic conferring resistance Background 
Macrolide srmB antibiotic target protection Water_Enriched 
Macrolide tlrC antibiotic target protection Water_Enriched 
Multiple 
Resistance 
acrB antibiotic efflux Water_Enriched 
Multiple 
Resistance acrF antibiotic efflux Manure_Enriched 
Multiple 
Resistance 
adeF antibiotic efflux Water_Enriched 
Multiple 
Resistance adeI antibiotic efflux Background 
Multiple 
Resistance 
adeJ antibiotic efflux Background 
Multiple 




Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Multiple 
Resistance AxyY antibiotic efflux Water_Enriched 
Multiple 
Resistance 
ceoA antibiotic efflux Water_Enriched 
Multiple 
Resistance ceoB antibiotic efflux Water_Enriched 
Multiple 
Resistance 
clbA Unclassified Manure_Persister 
Multiple 
Resistance CRP antibiotic efflux Manure_Persister 
Multiple 
Resistance 
efpA antibiotic efflux Water_Enriched 
Multiple 
Resistance efrA antibiotic efflux Background 
Multiple 
Resistance Enterobacter antibiotic efflux Water_Enriched 
Multiple 
Resistance Erm(33) Unclassified Manure_Persister 
Multiple 
Resistance Erm(35) Unclassified Manure_Enriched 
Multiple 
Resistance 
Erm(36) Unclassified Manure_Persister 
Multiple 
Resistance Erm(42) Unclassified Manure_Persister 
Multiple 
Resistance 
Erm(47) Unclassified Manure_Persister 
Multiple 
Resistance ErmA Unclassified Manure_Persister 
Multiple 
Resistance 
ErmB Unclassified Manure_Enriched 
Multiple 
Resistance ErmC Unclassified Manure_Enriched 
Multiple 
Resistance 
ErmF Unclassified Manure_Enriched 
Multiple 
Resistance ErmG Unclassified Manure_Enriched 
Multiple 
Resistance 
ErmQ Unclassified Manure_Enriched 
Multiple 
Resistance ErmT Unclassified Manure_Persister 
Multiple 
Resistance ErmX Unclassified Manure_Enriched 
Multiple 
Resistance ErmY Unclassified Manure_Persister 
Multiple 
Resistance gadX antibiotic efflux Background 
Multiple 
Resistance lsaB antibiotic target protection Background 
Multiple 
Resistance lsaC antibiotic target protection Manure_Persister 
Multiple 
Resistance 
lsaE antibiotic target protection Manure_Enriched 
Multiple 
Resistance mdsB antibiotic efflux Manure_Enriched 
Multiple 
Resistance 
mdsC antibiotic efflux Water_Enriched 
Multiple 
Resistance mdtF antibiotic efflux Water_Enriched 
Multiple 
Resistance 




Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Multiple 
Resistance mdtO antibiotic efflux Background 
Multiple 
Resistance 
mel antibiotic target protection Manure_Enriched 
Multiple 
Resistance MexA antibiotic efflux Water_Enriched 
Multiple 
Resistance 
MexB antibiotic efflux Water_Enriched 
Multiple 
Resistance MexC antibiotic efflux Water_Enriched 
Multiple 
Resistance 
MexD antibiotic efflux Water_Enriched 
Multiple 
Resistance MexE antibiotic efflux Water_Enriched 
Multiple 
Resistance MexF antibiotic efflux Water_Enriched 
Multiple 
Resistance mexI antibiotic efflux Water_Enriched 
Multiple 
Resistance mexQ antibiotic efflux Water_Enriched 
Multiple 
Resistance 
mexV antibiotic efflux Background 
Multiple 
Resistance mexW antibiotic efflux Water_Enriched 
Multiple 
Resistance 
mexX antibiotic efflux Water_Enriched 
Multiple 
Resistance mexY antibiotic efflux Water_Enriched 
Multiple 
Resistance 
msrA antibiotic target protection Background 
Multiple 
Resistance msrE antibiotic target protection Manure_Persister 
Multiple 
Resistance 
mtrA antibiotic efflux Manure_Enriched 
Multiple 
Resistance mtrD antibiotic efflux Manure_Enriched 
Multiple 
Resistance 
MuxA antibiotic efflux Water_Enriched 
Multiple 
Resistance MuxB antibiotic efflux Water_Enriched 
Multiple 
Resistance MuxC antibiotic efflux Water_Enriched 
Multiple 
Resistance opcM antibiotic efflux Water_Enriched 
Multiple 
Resistance OpmB antibiotic efflux Water_Enriched 
Multiple 
Resistance opmE antibiotic efflux Water_Enriched 
Multiple 
Resistance oprA antibiotic efflux Water_Enriched 
Multiple 
Resistance 
OprM antibiotic efflux Water_Enriched 
Multiple 
Resistance OprN antibiotic efflux Water_Enriched 
Multiple 
Resistance 
OprZ antibiotic efflux Water_Enriched 
Multiple 
Resistance oqxB antibiotic efflux Water_Enriched 
Multiple 
Resistance 




Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Multiple 
Resistance smeB antibiotic efflux Water_Enriched 
Multiple 
Resistance 
smeC antibiotic efflux Water_Enriched 
Multiple 
Resistance smeD antibiotic efflux Water_Enriched 
Multiple 
Resistance 
smeE antibiotic efflux Water_Enriched 
Multiple 
Resistance smeF antibiotic efflux Soil 
Multiple 
Resistance 
smeR antibiotic efflux Manure_Enriched 
Multiple 
Resistance smeS antibiotic efflux Soil 
Multiple 
Resistance vgaALC antibiotic target protection Soil 
Multiple 
Resistance vgaE antibiotic target protection Manure_Persister 
Nucleoside SAT-1 acylation of antibiotic conferring resistance Manure_Enriched 
Nucleoside SAT-3 acylation of antibiotic conferring resistance Background 
Nucleoside SAT-4 acylation of antibiotic conferring resistance Water_Enriched 
Oxazolidinone optrA Unclassified Manure_Persister 
Peptide arnA Unclassified Water_Enriched 
Peptide Brucella Unclassified Background 
Peptide pmrE Unclassified Manure_Persister 
Phenicol cat acylation of antibiotic conferring resistance Water_Enriched 
Phenicol cat-TC acylation of antibiotic conferring resistance Manure_Enriched 
Phenicol catB3 acylation of antibiotic conferring resistance Manure_Persister 
Phenicol catB6 acylation of antibiotic conferring resistance Background 
Phenicol catB8 acylation of antibiotic conferring resistance Background 
Phenicol catQ acylation of antibiotic conferring resistance Manure_Persister 
Phenicol cfrC Unclassified Manure_Persister 
Phenicol cml antibiotic efflux Water_Enriched 
Phenicol cmlv phosphorylation of antibiotic conferring 
resistance 
Soil 
Phenicol cmx antibiotic efflux Manure_Persister 
Phenicol floR antibiotic efflux Manure_Enriched 
Phenicol mexM antibiotic efflux Water_Enriched 
Phenicol mexN antibiotic efflux Water_Enriched 
Phenicol plasmid-encoded acylation of antibiotic conferring resistance Background 
Pleuromutilin TaeA antibiotic efflux Manure_Enriched 
Rifamycin arr-1 ADP-ribosylation of antibiotic conferring 
resistance 
Background 
Rifamycin iri hydroxylation of antibiotic conferring resistance Water_Enriched 




Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Rifamycin RbpA antibiotic target protection Manure_Enriched 
Rifamycin rgt1438 glycosylation of antibiotic conferring resistance Water_Enriched 




phosphorylation of antibiotic conferring 
resistance Manure_Persister 
Streptogramin vatE acylation of antibiotic conferring resistance Manure_Persister 
Streptogramin vatH acylation of antibiotic conferring resistance Background 
Streptogramin vgaB antibiotic target protection Manure_Enriched 
Sulfonamide sul1 antibiotic target replacement Manure_Enriched 
Sulfonamide sul2 antibiotic target replacement Manure_Enriched 
Tetracycline adeB antibiotic efflux Water_Enriched 
Tetracycline otr(A) antibiotic target protection Water_Enriched 
Tetracycline otr(B) antibiotic efflux Background 
Tetracycline otrC antibiotic efflux Soil 
Tetracycline tap antibiotic efflux Manure_Enriched 
Tetracycline tcr3 antibiotic efflux Manure_Enriched 
Tetracycline tet(31) antibiotic efflux Manure_Enriched 
Tetracycline tet(33) antibiotic efflux Manure_Persister 
Tetracycline tet(39) antibiotic efflux Manure_Persister 
Tetracycline tet(40) antibiotic efflux Manure_Persister 
Tetracycline tet(41) antibiotic efflux Water_Enriched 
Tetracycline tet(42) antibiotic efflux Water_Enriched 
Tetracycline tet(43) antibiotic efflux Water_Enriched 
Tetracycline tet(45) antibiotic efflux Background 
Tetracycline tet(A) antibiotic efflux Manure_Persister 
Tetracycline tet(C) antibiotic efflux Background 
Tetracycline tet(D) antibiotic efflux Manure_Persister 
Tetracycline tet(G) antibiotic efflux Manure_Enriched 
Tetracycline tet(H) antibiotic efflux Manure_Enriched 
Tetracycline tet(J) antibiotic efflux Water_Enriched 
Tetracycline tet(L) antibiotic efflux Manure_Enriched 
Tetracycline tet(V) antibiotic efflux Water_Enriched 
Tetracycline tet(W/N/W) antibiotic target protection Manure_Persister 
Tetracycline tet(Y) antibiotic efflux Manure_Enriched 
Tetracycline tet(Z) antibiotic efflux Manure_Enriched 
Tetracycline tet32 antibiotic target protection Manure_Persister 




Table A2 continued 
 
CARD ARG Class Gene CARD ARG Mechanism Classification of Origin 
Tetracycline tet44 antibiotic target protection Manure_Enriched 
Tetracycline tetA(48) antibiotic efflux Soil 
Tetracycline tetA(P) antibiotic efflux Manure_Enriched 
Tetracycline tetB(P) antibiotic target protection Manure_Persister 
Tetracycline tetM antibiotic target protection Manure_Enriched 
Tetracycline tetO antibiotic target protection Manure_Enriched 
Tetracycline tetQ antibiotic target protection Manure_Enriched 
Tetracycline tetS antibiotic target protection Manure_Persister 
Tetracycline tetT antibiotic target protection Water_Enriched 
Tetracycline tetW antibiotic target protection Manure_Enriched 
Tetracycline tetX hydroxylation of antibiotic conferring resistance Manure_Enriched 
Unclassified bcr-1 antibiotic efflux Water_Enriched 
Unclassified Bifidobacteria mutation conferring antibiotic resistance Manure_Enriched 
Unclassified FosB hydrolysis of fosfomycin epoxide ring Background 
Unclassified fusH hydrolysis of fusidic acid to inactive lactone 
derivative 
Water_Enriched 
Unclassified mdtG antibiotic efflux Background 
Unclassified mexK antibiotic efflux Water_Enriched 
Unclassified mexL antibiotic efflux Water_Enriched 
Unclassified mupA mutation conferring antibiotic resistance Manure_Enriched 
Unclassified OpmH antibiotic efflux Water_Enriched 
Unclassified TriA antibiotic efflux Water_Enriched 
Unclassified TriC antibiotic efflux Water_Enriched 
Undefined PmpM antibiotic efflux Manure_Enriched 
Undefined QepA4 antibiotic efflux Water_Enriched 
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3.1 Abstract 
Widespread use of antibiotics has caused resistance to evolve in bacteria that threaten to 
jeopardize public health. Most clinically important antibiotics used in animal agriculture in the 
United States are consumed by swine and cattle, making distinctions between how each of these 
manures impact agroecosystems key in identifying steps that may be taken to minimize the 
evolution and spread of antibiotic resistance. We used MF-qPCR to describe the movement of 
ARGs through a model system simulating artificially drained crop soil over time following 
treatment with swine or beef cattle manure. We observed drastically different dynamics of 
transfer and enrichment of ARGs through the soil and water between manure types. Although the 
abundance and diversity of ARGs within the swine manure resistome were greater and its impact 
on the soil and water were initially more substantial, the total impact of beef manure treatment 
on the drainage water resistome became more substantial over time and led to a greater overall 
impact in the drainage water resistome compared to swine manure treatment.  
3.2 Introduction 
Widespread use of antibiotics has caused resistance to evolve in bacteria that threaten to 




antibiotics continue, the management practices of industries that consume antibiotics must be 
examined closely to identify those that may be improved upon in order to minimize impact on 
the evolution and spread of antibiotic resistance. The livestock industry is one of the largest 
consumer of antibiotics worldwide (Kirchhelle, 2018; Martin et al., 2015) and one of its main 
byproducts, manure, has been identified as a reservoir for antibiotic resistance (Demirgül et al., 
2017; From et al., 2009; Thi et al., 2008). Because most clinically important antibiotics used in 
animal agriculture in the United States are consumed by swine and cattle (FDA., 2019), 
distinctions between how each of these manures impact agroecosystems are key in identifying 
steps that may be taken to minimize the role animal agriculture plays in the evolution and spread 
of antibiotic resistance.  
The usage of antibiotics in livestock production impacts the resistome of soil and water 
within integrated agricultural systems. In 2018, livestock producers in the United States 
purchased 11,566,924 kg of antibiotics of which 5,530,784 kg are considered medically 
important. The majority of those antibiotics were purchased for use in cattle (42%) and swine 
(39%) (FDA., 2019). Exposure to antibiotics has been shown to increase the abundance of ARBs 
and ARGs in the gut microbial communities and feces of these animals (Looft et al., 2012; You 
et al., 2014; Zhu et al., 2013). Manure collected from these antibiotic-treated cattle and swine is 
often used to fertilize crop soil. When the manure is applied to soil, ARGs from manure are 
introduced into the soil and ARGs already present in the soil are enriched within the soil 
microbial community (Chen et al., 2016; Jechalke et al., 2014; Rieke et al., 2018; Smith and 
Colgan et al., 2019; Su et al., 2014; Udikovic-Kolic et al., 2014; Wu et al., 2010; Yu et al., 2017; 




There is some evidence that the impact manure application has on the resistome of 
agricultural soil and water is dependent on the type of manure applied. For example, the average 
abundance of tetracycline, sulfonamide, MLSb, aminoglycoside and beta-lactam resistance genes 
in swine manure have been shown to be greater than in cattle manure as well as in swine manure 
applied soil compared to cattle manure applied soil (He et al., 2020; Zhang et al., 2017). There 
are many factors that may contribute to the variable resistomes between swine and cattle manure, 
including the unique antibiotic regimens used for swine and cattle at various stages of 
development (Landers et al., 2012). For example, swine are exposed to higher doses at earlier 
developmental stages that are tapered off towards maturity (Apley et al., 2012; Dewey et al., 
1999; Dunlop et al., 1998); opposite the typical regimen used for cattle (Landers et al., 2012). 
Swine and cattle manures also have different physical and chemical properties that dictate how 
each manure is applied to the soil (Spellman et al., 2007), and consequently how readily ARGs 
and ARBs associated with each manure type may be transferred from the soil and into the 
surrounding environment. For example, cattle manure is generally more solid and is broadcasted 
over the top of fields. Swine manure is more liquid and is injected into the soil to help prevent 
runoff and volatile nitrogen losses associated with broadcasting and to decrease the runoff 
potential of various constituents in manure including residual antibiotics (Le et al., 2018) and 
fecal indicator bacteria (Hodgson et al., 2016) following rainfall. 
The potential for transport of manure-associated ARBs and ARGs from the soil and into 
the surrounding environment is enhanced by artificial subsurface drainage systems. These 
drainage systems utilize a series of drainage pipes installed underground to divert excess water 
from the soil and into adjacent rivers and streams, preventing flooding in areas where drainage is 




in Iowa alone; approximately 25-35% of the total cropland in the state (Zucker et al., 1998). 
ARBs and ARGs are transported from manure treated soil into subsurface drainage systems 
(Smith and Colgan et al., 2019) that lead to adjacent water sources where they may spread 
throughout the environment with the potential for contaminating food and water supplies. 
The objective of this study was to identify dynamics of ARG transfer and enrichment in 
the soil and water of our model system over time following swine and beef cattle manure 
treatment. We designed a controlled experiment using soil columns and simulated rainfall events 
to collect soil and water samples from columns treated with beef cattle manure, swine manure, or 
no manure at defined intervals. To define the impact of each manure type, we characterized the 
abundance, diversity and distribution of chosen ARGs in manure samples and in manure-treated 
and control samples over time using microfluidic qPCR (MF-qPCR). We hypothesize that 1) 
each manure type will be distinguished by unique abundances and classes of ARGs that will be 
observable in manure treated soil and water samples, and that 2) the movement of ARGs through 
our model system will be different for each manure type. 
3.3 Methods 
3.3.1 Experimental Design 
A total of 48 soil columns were collected from two crop fields within the Black Hawk 
Lake watershed on May 7, 2018 using a Giddings soil probe and 15.24 cm inner diameter, 60.96 
cm long PVC pipes. The methods used for column construction, manure application, and 
simulated rainfall events were described previously (Rieke et al., 2018). Twenty-four columns 
were collected from each field site, one with a history of beef cattle manure application and one 
with a history of swine manure application. Beef cattle soil columns as well as beef cattle 
manure utilized in this work were collected from The Allee Demonstration Farm. Swine soil 




properties between the types of columns. The swine manure was sourced from a separate 
research farm affiliated with Iowa State University. Both crop fields utilize tile drainage with 
pipes approximately 1 meter below ground level.  
Manure application occurred on June 29, 2018 and columns were monitored at defined 
intervals for 145 days. Columns were kept at room temperature. Simulated rainfall events were 
performed on day 11, 33, 61, 82, 110 and 138 after manure application. Soil samples were 
collected on -1 (one day before manure application, as controls), 17, 89, and 145 days after 
manure application. All water samples were filtered through 0.22 um sterile filters and frozen 
under -80° C until DNA extractions were performed by MagAttract PowerWater DNA EP kit 
(Qiagen, USA).  All soil samples were collected and subsampled for DNA extractions by Qiagen 
MagAttract PowerSoil DNA EP kit (Qiagen, USA). The concentration of DNA was quantified 
Synergy HT plate reader with Quant-iT dsDNA Assay kit (Fisher, USA). 
3.3.2 ARG Target Selection 
ARGs screened for in this study were chosen based on their presence in swine and beef 
cattle manure metagenomes and their absence or limited detection in soil metagenomes. Shotgun 
metagenomes were generated using DNA extracted from 3 technical replicates each of swine and 
beef cattle manure as well as 3 biological replicates each of swine and beef control soil. Libraries 
were prepared and sequenced at Iowa State University DNA Facility using an Illumina HiSeq 
300 platform with 150 bp paired-end sequencing. All metagenomes were deposited in NCBI 
SRA accession number PRJNA662623. Reads were annotated against ARGs in the 
Comprehensive Antibiotic Resistance Database (CARD, version 2.0.1). ARGs associated with 
the most reads in manure metagenomes, less than 10 reads in soil metagenomes, and that also 




targets for MF-qPCR. The tet(33) gene previously identified in swine manure treated soil and 
water metagenomes was also included (Smith and Colgan et al., 2019). In total, 36 ARGs were 
targeted for this study (Appendix Table A1). 
3.3.3 MF-qPCR 
MF-qPCR assays were run on a total of 9 96.96 Fluidigm Dynamic Array Integrated 
Fluidic Circuits (IFCs)(Fluidigm) according to the manufacturer’s Evagreen protocol without 
pre-amplification. Six technical replicates of an inter-plate calibrator sample consisting of 10 
randomly selected and pooled manure, soil and water samples (Appendix Table A2) were 
included on each of the nine 96.96 IFC’s for the purpose of calculating the variation within and 
between plates. Standard curves were generated for every primer set using 4 technical replicates 
of 10-fold dilutions of synthetic oligonucleotide standards ranging from 10-6 to 10-2 ng/ul. 
Standards were synthesized using gBlock Gene Fragments (Integrated DNA Technologies) 
(Appendix Table A3). The DNA samples screened with MF-qPCR include 6 biological 
replicates of each water sample, 6 biological replicates of day 0 control soil samples, 3 biological 
replicates of all other soil samples, and 3 technical replicates of each manure type. Each 
biological replicate consists of pooled DNA from 3 technical replicates. All of the samples and 
standards were amplified in duplicate to give an additional two technical replicates (Appendix 
Table A4). All plates were loaded using a HX IFC Controller (Fluidigm) and placed in a 
BioMark HD (Fluidigm) for thermal cycling at 95°C for 1 min, 30 cycles at 96°C for 5 sec and 
60°C for 20 sec followed by melt curve analysis for 60-95°C at a ramp of 1°C/3s. 
3.3.4 MF-qPCR Data Analysis 
Data were exported using the Real-Time PCR Analysis software, version 4.12 (Fluidigm) 
with the default peak sensitivity set to 7, peak ratio threshold of 0.7, melt temperature (Tm) 




baseline correction. The data were then processed and analyzed using RStudio, version 1.2.5001. 
Duplicate technical replicates that differed by more than 3 Ct’s or that were above the upper Ct 
cutoff value of 28 were removed from analysis. If either of the two technical replicates were non-
detects, both were removed from analysis. Copy numbers were calculated using the respective 
standard curve for each gene and were then normalized by the copy number of the 16S rRNA 
gene amplified in each sample by the primer set 16S_Eub_338F_515R. Interplate and intraplate 
variance in calibrator samples were determined by calculating the standard error of Ct values for 
each gene between plates and within replicates on the same plate. Kruskal-Wallis ranked sum 
test was used to calculate significant differences (P < 0.05) in mean abundance between manure 
types and between manure-treated and corresponding control samples. 
3.4 Results 
3.4.1 ARGs in Swine and Beef Manure 
The majority of ARGs detected in manures were associated with resistance to tetracycline 
and aminoglycoside antibiotics, comprising 87% and 86% of the total abundance of ARGs in 
swine and beef manure respectively (Fig 1). Distinctions were seen in the remainder of the 
ARGs, however, with swine manure carrying mostly nucleoside (5%) and MLS (4%) resistance 
genes and beef manure carrying mostly sulfonamide (8%) and lincosamide (5%) resistance genes 
(Fig 1). 
The median abundance of ARGs was significantly different between swine and beef 
manure samples (Kruskal-Wallis rank sum test, P < 0.05) (Appendix Table A5). The total 
abundance of ARGs detected in swine manure was approximately 3 times greater compared to 
beef manure (Fig 1). The total abundance of ARGs associated with resistance to each class of 
antibiotic, with the exception of sulfonamides, the was also greater in swine manure compared to 




The majority of the 36 ARGs were present in each manure type, with 33 detected in 
swine manure and 33 in beef manure (Table 1). Thirty of the ARGs were common to both 
manures, with 3 ARGs unique to each manure type. ARGs that were unique among manures 
include ant6-ia, erm(C), and lnuC in swine manure and ermX, tetA, tetG_F in beef manure 
(Table 1). 
3.4.2 Overview of ARGs in Untreated Soil and Water 
Columns that were not treated with manure are defined as control columns. Soil from 
control columns is called control soil, and the drainage water collected from control columns 
following simulated rainfall events is called control water. The median abundance of ARGs was 
not significantly different between soil and water control samples (Kruskal-Wallis rank sum test, 
P > 0.05)(Appendix Table A5). Both control soils were similar in total abundance of ARGs, 
however beef control water showed 2.9x more abundant ARGs compared to swine control water 
samples.  A total of 11 ARGs were detected in swine soil and water control samples and 10 
ARGs were detected in beef soil and water control samples, the majority of which were 
tetracyclines and sulfonamides in both cases (Table 1). 
Genes tetG_F and tet(33) were still detectable on day 145 in swine control soil samples. 
However, ant6-ib, sul1, sul2, tet(33), tet44, tetG_F, tetM, tetO, and tetX and were present in the 
day 0 control soil samples at least 1 year after the last manure application in the field, indicating 
enrichment of ARGs occurs between the end of a growing season and the beginning of the next 
(Fig 2). The majority of the ARGs detected in manure samples were not present in either swine 
or beef control soil or water samples throughout the study, indicating that the majority of the 




3.4.3 ARGs in Swine Manure-treated Samples Over Time 
The majority of ARGs detected in swine manure were also detected in swine manure-
treated soil or water samples at significantly increased abundances compared to background 
(Kruskal-Wallis rank sum, P < 0.05)(Fig 2). Most of these ARGs were observed on day 11 in 
swine manure-treated water samples and on day 17 in swine manure-treated soil samples. These 
were mostly tetracycline, aminoglycoside, MLS, lincosamide, and sulfonamide resistance genes.  
Some ARGs were detected in the majority of manure-treated soil samples and beyond 
day 11 manure-treated water. For example, tetQ, tet(36), tet44, tetM, sul2 and ant6-ib were 
detected on most days in swine manure-treated soil samples including day 145, but dropped 
below detection limits (Appendix Table A3) in swine manure-treated water samples within the 
first half of the study, indicating that they are retained in the soil more readily than other ARGs 
(Fig 2).  
Other ARGs such as tetO, strB and sul1 were detected only on day 17 in swine manure-
treated soils but persisted in swine manure-treated water samples into the second half of the 
study before eventually dropping below detection limits (Appendix Table A3), indicating that 
ARGs that are not detectable in soil may still be concentrated to detectable levels by rainfall. 
3.4.4 ARGs in Beef Manure-treated Samples Over Time 
Only a few of the ARGs detected in beef manure were also detected in beef manure-
treated samples at significantly increased abundances compared to background (Fig 2). The 
majority of these ARGs were observed on day 11 in beef manure-treated water samples and day 
17 beef manure-treated soil samples and were predominantly tetracycline, aminoglycoside, and 
lincosamide resistance genes. 
Some ARGs persisted in beef manure-treated soil through day 145 and also in beef 




on most days in beef manure-treated soil samples, including day 145, and persisted through day 
110 in beef manure-treated water samples before dropping below detection limits, indicating 
these ARGs persist in the soil while posing an elevated risk for transfer into water. 
Similar to the swine columns, some ARGs (tetX, sul1) that were not detected in soils 
beyond day 17 were identified in water samples through the first half of the study, indicating that 
these genes may also be concentrated to detectable levels by rainfall. 
3.4.5 Comparison of Swine and Beef Manure-treated Samples 
The median abundance of ARGs was significantly different between swine and beef 
manure-treated samples (Kruskal-Wallis rank sum test, P < 0.05)(Appendix Table A5). The total 
abundance of ARGs in swine manure-treated soil samples was much greater than in beef 
manure-treated soil samples and remains greater in soil samples despite a significant decrease in 
abundance after day 17 (Fig 3). However, the total abundance of ARGs in beef manure-treated 
water samples was greater compared to swine manure-treated water samples, particularly after 
day 11 (Fig 3). The total abundance of ARGs in swine manure-treated water over time was 
characterized by a drastic reduction after day 11 followed by a relatively consistent abundance 
through the remaining days, whereas the abundance in beef manure-treated water samples spiked 
between days 11 and 33 followed by a gradual attenuation (Fig 3). The main drivers behind the 
spike in abundance in beef manure-treated water samples were tetG_F, tet(33), strB, sul2, and 
aadA9 (Fig 2). 
ARGs that were detected through the last sampling periods for each matrix, days 145 for 
soil and 138 for water samples, are notable because they persisted through the entire 145-day 
simulated growing season. The number of ARGs present on day 145 in swine and beef manure-
treated soils was the same, and most of those ARGs were shared including aadA9, sul2, tet(33), 




water samples, tet(33) and tetG_F.  The only ARG that was present in both swine and beef 
manure-treated soil and water samples on days 138 and 145 was tet(33). However, tetG_F would 
have fit into this category if it were detected after day 89 in swine manure-treated soil samples. 
Genes tet(33) and tetG_F were ubiquitous among all swine and beef sample types including 
controls, but were generally more abundant in manure-treated water samples. The sul2 gene was 
unique in that it was present on most days in both swine and beef manure-treated samples, 
including day 145, and persisted a substantial period of time in both swine and beef manure-
treated water samples before dropping below detection limits. 
Some ARGs showed different patterns in abundance over time between swine and beef 
manure-treated samples. For example, tet44, tetQ and tetM persisted through day 145 in swine 
manure treated soil and were also detected after day 11 in swine manure-treated water but were 
not detected past day 11 or 17 in beef manure-treated samples. The sul1 gene was present only 
on day 17 in both swine and beef manure-treated soils and was detected past day 11, but it 
persisted much longer in swine manure-treated water than in beef manure-treated water.  
Other ARGs persisted much longer in swine manure-treated water samples including 
sul1, tetO, tet(36), and tet44. The abundance of these ARGs was much greater in swine manure. 
Other ARGs persisted longer in beef manure-treated water, including tetbP and lnu(F). The 
abundance of these ARGs was similar between manure types. 
3.5 Discussion 
We found significant differences in the resistomes of swine and beef manure that were 
distinguishable by unique abundances and types of ARGs. The distinctions observed between 
manure resistomes were also observed in the manure-treated soil and water of our model system 




through the soil and into the water. Finally, several ARGs were identified that show enhanced 
potential for transfer between bacteria and persistence in the soil and water. 
The swine manure resistome was primarily defined by a greater total abundance of 
ARGs, including those associated with resistance to every class of antibiotic represented in our 
study except sulfonamides. Thus, beef manure was defined by a lower total abundance of ARGs 
but a higher total abundance of ARGs associated with resistance to sulfonamide antibiotics. The 
difference in total ARG abundance observed between manure types was also observed in 
manure-treated soil samples and is consistent with observations from previous studies comparing 
the abundances of ARGs in raw swine and cattle manure and in manure-treated soils (He et al., 
2020; Marti et al., 2013; Zhang et al., 2017). Despite the differences observed between manures, 
tetracycline resistance genes comprised the overwhelming majority of ARGs detected in both 
swine (78%) and beef (71%) manure. Tetracycline antibiotics are the most frequently used 
antibiotic in both swine and cattle in the US (FDA., 2019) and the most abundant antibiotic 
residue detected in manure treated soils (Chen et al., 2012; Massé et al., 2014; Pan et al., 2011). 
Therefore, our results are unsurprising because the ubiquity of tetracycline resistance genes in 
manure-treated agricultural soil and water has been well documented (Kang et al., 2018; Pruden 
et al., 2006; Schmitt et al., 2006; Smith and Colgan et al., 2019; Wu et al., 2010). In our data, the 
abundance of sulfonamide resistance genes sul1 and sul2 were 10.5 and 2.7x greater in beef 
manure compared to swine manure, respectively. However, previous literature indicates that 
sulfonamide resistance genes are more abundant in swine manure compared to beef manure (He 
et al., 2020; Zhang et al., 2017). This may be a result of variable antibiotic usage between farms, 




Similar to previous studies investigating the impact of manure application on the 
resistome of crop soil over time (Marti et al., 2014; Muurinen et al., 2017; Riber et al., 2014; 
Smith and Colgan et al., 2019), we generally observed an initial increase in abundance of ARGs 
in soil and water samples following manure application that gradually attenuated over time. 
However, swine and beef manure-treated samples were each defined by unique patterns of ARG 
mobility through the soil and into the water as well as unique enrichments of ARGs over the 
course of the study.  
We found that in terms of total ARG abundance, swine manure impacts both the soil and 
water to a greater extent early in the experiment, but beef manure impacts the water to a greater 
extent from day 33 forward and its impact persists for a longer period of time. The large 
abundance of ARGs present in early swine manure-treated samples rapidly declined with 
successive rainfall events while the abundance of ARGs in swine manure-treated soil generally 
remained greater than beef manure-treated soil throughout the study. However, the impact of 
beef manure on the water resistome became significantly greater compared to swine manure 
from day 33 forward, followed by a gradual attenuation, while the abundance of ARGs in swine 
manure-treated water stayed low and relatively constant. The combined abundance of ARGs 
detected in water samples between each manure type was similar, and the total abundance of 
tetracycline, aminoglycoside, sulfonamide, and lincosamide resistance genes were all greater in 
beef manure-treated water samples. This suggests that the resistome of tile drainage water is 
distinct from manure-treated soil in our model system. Despite the greater abundance of every 
ARG except the sulfonamide resistance genes in swine manure, beef manure treatment had a 
more significant impact on the total abundance of the tetracycline, aminoglycoside, sulfonamide, 




The consistently greater abundance of ARGs in swine manure-treated soils between days 
17 and 89 was driven by several highly abundant ARGs (tetQ, tet(36), tet44, tetM, sul2 and ant6-
ib) that persisted in the soil through the entire study. The affinity of these ARGs for the soil 
instead of movement through the soil and into the water may contribute to the greater total 
abundance of ARGs in swine manure-treated soils and the lower total abundance of ARGs in 
swine manure-treated water samples after day 11 compared to similar beef manure-treated 
samples. 
These differences in movement of ARGs through our model system may also partly be 
attributed to different moisture levels of the manures. The swine manure applied to these 
columns was mostly liquid, and the beef cattle manure was a drier solid. The high moisture 
content in swine manure may allow for a more active and abundant microbial community which 
is reflected by the greater total abundance of ARGs compared to beef cattle manure. The fluid 
state of swine manure may also enhance the speed at which the bacterial community can move 
through the soil, demonstrated by the large abundance of ARGs at early time points in swine 
manure-treated samples that rapidly declines following rainfall. On the other hand, the microbial 
community of the drier beef cattle manure may have been stimulated by the first simulated 
rainfall event on day 11, causing the spike in abundance of ARGs observed in manure-treated 
water samples between days 11 and 33. 
3.5.1 Important targets for future monitoring efforts 
We identified several ARGs in manure-treated soil and drainage water that showed 
elevated abundances and patterns of movement through our system that warrant further 
investigation. The ARGs driving the spike in abundance of ARGs in beef manure-treated water 
between days 11 and 33 were tetG_F, tet(33), strB, sul2, and aadA9. Most of these ARGs were 




persisted a substantial period of time in manure-treated water samples. Genes tet(33) and tetG_F 
were ubiquitous among all swine and beef sample types including controls, and were relatively 
persistent in manure-treated samples. 
All of these ARGs have previously been associated with mobile elements, and many have 
been observed together within the same mobile elements. Genes aadA9 and tet(33) were 
previously observed on a multi-drug resistant conjugative plasmid, pTET3, that harbors several 
additional mobile genetic elements such as IS6100 insertion sequences and an integron (Agersøet 
al., 2005; Tauch et al., 2002). The tet(33) gene was also identified as unique in our previous 
column study because it was the only ARG observed in swine manure-treated soil and water 
metagenomes that increased in abundance over time (Smith and Colgan et al., 2019). The tetG_F 
gene is found on chromosomes and plasmids of Gram-negative bacteria and is frequently linked 
with sul1 (Roberts, 2005). Genes strB and sul2 are both found in Gram-negative bacteria and are 
often observed clustered together in (Jechalke et al., 2013; Zhao et al., 2011). The strB gene has 
been found on diverse mobile elements including plasmids, integrated conjugative elements, and 
chromosomal genomic islands (Daly et al., 2005; Gordon et al., 2008; Scholz et al., 1989). 
Additionally, aadA9 and sul2 have been previously identified as integron cassettes (Moura et al., 
2009; Partridge et al., 2009). Due to their potential association with various mobile elements and 
patterns of enrichment and transfer within our model system, these ARGs represent important 
targets for future monitoring efforts. 
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Evaluation of the environmental and potential clinical impacts of practices used by 
industries that consume large amounts of antibiotics is critical in mitigating the spread of 
antibiotic resistance. Using soil columns to simulate field application and subsequent rain events, 
we identified important differences in the dynamics of ARG transfer and enrichment over time in 
the soil and water of artificially drained cropland treated with swine or beef cattle manure. 
Although we identified a collection of ARGs demonstrating the potential for enhanced mobility 
between bacteria, the PCR based targeted approach we used for detection did not allow us to 
verify that these ARGs were actually functional or any definite associations with mobile 
elements. This approach also limited the number of ARGs we could feasibly target, resulting in 
an incomplete yet still informative representation of the transfer and enrichment dynamics in this 
system. The characteristics observed following application of each manure type, particularly the 
unique temporal dynamics of ARG transfer observed between soil and water, can be used to 
inform potential mitigation strategies in the future. 
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3.8 Figures and Tables 
 
Fig 1. 16s normalized abundance of ARGs associated with each class of antibiotic in swine and 
beef associated samples. 
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Fig 2. Log of the average 16s normalized copy numbers of each ARG over time in swine or beef 
manure, manure-applied soil and water and control soil and water samples. M: manure samples, 
MS: manure-treated soil samples, CS: control soil samples, MW: manure-treated water samples, 
CW: control water samples. White triangles indicate samples with significantly increased 
abundance relative to control soil or water. 
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Fig 3. Average total of 16s rRNA normalized ARG abundances in swine and beef manure-

















































































Table 1. Class of antibiotic associated ARGs screened for as well as associated resistance 












tet(33) ● ● ● ● Tetracycline Antibiotic efflux
tetO ● ● ● ● Tetracycline Antibiotic target protection
tet44 ● ● ● Tetracycline Antibiotic target protection
tetX ● ● ● Tetracycline, glycylcline Antibiotic inactivation
tetQ ● ● ● Tetracycline Antibiotic target protection
tetT ● ● Tetracycline Antibiotic target protection
tetW ● ● Tetracycline Antibiotic target protection
tet(36) ● ● Tetracycline Antibiotic target protection
tetbP ● ● Tetracycline Antibiotic efflux
tetH ● ● Tetracycline Antibiotic efflux
tetL ● ● Tetracycline Antibiotic efflux
tetM ● ● ● ● Tetracycline Antibiotic target protection
tet(32) ● ● Tetracycline Antibiotic target protection
mefA ● ● ● Tetracycline, lincosamide, phenicol, pleuromutilin, 
oxazolidinone, streptogramin, macrolide
Antibiotic target protection
erm(35) ● ● ● Streptogramin, macrolide, lincosamide Antibiotic target alteration
erm(B) ● ● ● Streptogramin, macrolide, lincosamide Antibiotic target alteration
ermA/ermTR ● ● Streptogramin, macrolide, lincosamide Antibiotic target alteration
erm(F) ● ● Streptogramin, macrolide, lincosamide Antibiotic target alteration
ermT ● ● Streptogramin, macrolide, lincosamide Antibiotic target alteration
mef(B) ● ● Macrolide Antibiotic efflux
ant6-ib ● ● ● Aminoglycoside Antibiotic inactivation
strB ● ● Aminoglycoside Antibiotic inactivation
aadA9 ● ● Aminoglycoside Antibiotic inactivation
strA ● ● Aminoglycoside Antibiotic inactivation
aph(3)-ia ● ● Aminoglycoside Antibiotic inactivation
sul2 ● ● ● ● Sulfonamide Antibiotic target replacement
sul1 NEW ● ● ● ● Sulfonamide Antibiotic target replacement
lnuA ● ● Lincosamide Antibiotic inactivation
lnu(F) ● ● Lincosamide Antibiotic inactivation
sat4 ● ● ● Nucleoside Antibiotic inactivation
tetG_F ● ● ● Tetracycline Antibiotic efflux
tetA ● ● Tetracycline Antibiotic efflux
ermX ● Streptogramin, macrolide, lincosamide Antibiotic target alteration
erm(C) ● Streptogramin, macrolide, lincosamide Antibiotic target alteration
ant6-ia ● Aminoglycoside Antibiotic inactivation






Fig A1. Percentage of ARG classes associated with primer sets chosen for HT-qPCR 
 
Table A1. Primer Sequences 
 
Primer Name Sequence Tm (℃) 
aadA9_F CGCGGCAAGCCTATCTTG 57 
aadA9_R CAAATCAGCGACCGCAGACT 58 
ant6-ia_F TCGCCATGAGCTGCTGA 57 
ant6-ia_R CCTATCATACTCCGGATAGGCATA 55 
ant6-ib_F AGAACATCCGACAGCACGTTC 58 
ant6-ib_R CCAACCTTCCATGAAATCATTCGC 57 
aph(3'')-ia_F TAACAGCGATCGCGTATTTCG 55 
aph(3'')-ia_R TCCGACTCGTCCAACATCAATA 56 
erm(35)_F CCTTCAGTCAGAACCGGCAA 58 
erm(35)_R GCTGATTTGACAGTTGGTGGTG 57 
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Table A1 continued 
 
Primer Name Sequence Tm (℃) 
erm(B)_R CTGGAACATCTGTGGTATGGC 56 
erm(C)_F TTTGAAATCGGCTCAGGAAAA 53 
erm(C)_R ATGGTCTATTTCAATGGCAGTTACG 55 
erm(F)_F TCTGATGCCCGAAATGTTCAAG 56 
erm(F)_R TGAAGGACAATTGAACCTCCCA 56 
ermA/ermTR_F ACATTTTACCAAGGAACTTGTGGAA 55 
ermA/ermTR_R GTGGCATGACATAAACCTTCATCA 56 
ermT_F GTTCACTAGCACTATTTTTAATGACAGAAGT 56 
ermT_R GAAGGGTGTCTTTTTAATACAATTAACGA 54 
ermX_F GCTCAGTGGTCCCCATGGT 60 
ermX_R ATCCCCCCGTCAACGTTT 57 
IncP_oriT_F CAGCCTCGCAGAGCAGGAT 60 
IncP_oriT_R CAGCCGGGCAGGATAGGTGAAGT 63 
int1-a-marko_F CGAAGTCGAGGCATTTCTGTC 56 
int1-a-marko_R GCCTTCCAGAAAACCGAGGA 57 
intI1F165_clinical_F CGAACGAGTGGCGGAGGGTG 63 
intI1F165_clinical_R TACCCGAGAGCTTGGCACCCA 63 
intl2_F TGCTTTTCCCACCCTTACC 55 
intl2_R GACGGCTACCCTCTGTTATCTC 56 
intl3_F CAGGTGCTGGGCATGGA 58 
intl3_R CCTGGGCAGCATCACCA 58 
IS26_F ATGGATGAAACCTACGTGAAGGTC 57 
IS26_R CGGTACTTAATCTGTCGGTGTTCA 57 
IS6100_F CGCACCGGCTTGATCAGTA 58 
IS6100_R CTGCCACGCTCAATACCGA 58 
lnu(F)_F ATACCGGTCATTTCCACTTGGC 58 
lnu(F)_R GCATCAGGCTGATGAGGTTCAA 58 
lnuA_F TGACGCTCAACACACTCAAAAA 55 
lnuA_R TTCATGCTTAAGTTCCATACGTGAA 55 
lnuC_F GGGTGTAGATGCTCTTCTTGGA 56 
lnuC_R CTTTACCCGAAAGAGTTTCTACCG 55 
mef(B)_F CCGATAGGCTTACTTGTTGCAG 56 
mef(B)_R AGTCCACTTGCGGTTTCATTG 56 
mefA_F TAATTATCGCAGCAGCTGGTTC 55 
mefA_R GTTCCCAAACGGAGTATAAGAGTG 55 




Table A1 continued 
 
Primer Name Sequence Tm (℃) 
sat4_R CCGATTTTGAAACCACAATTATGATA 52 
strA_F CCGGTGGCATTTGAGAAAAA 54 
strA_R GTGGCTCAACCTGCGAAAAG 57 
strB_F GCTCGGTCGTGAGAACAATCT 57 
strB_R CAATTTCGGTCGCCTGGTAGT 57 
sul1 NEW_F GCCGATGAGATCAGACGTATTG 55 
sul1 NEW_R CGCATAGCGCTGGGTTTC 57 
sul2_F TCATCTGCCAAACTCGTCGTTA 56 
sul2_R GTCAAAGAACGCCGCAATGT 57 
tet(32)_F CCATTACTTCGGACAACGGTAGA 56 
tet(32)_R CAATCTCTGTGAGGGCATTTAACA 55 
tet(36)_F AGAATACTCAGCAGAGGTCAGTTCCT 59 
tet(36)_R TGGTAGGTCGATAACCCGAAAAT 56 
tet44_F CTCATGTAGATGCAGGAAAGACG 55 
tet44_R GTAACTGCTGCCTGAATTGTGA 56 
tetA_F CTCACCAGCCTGACCTCGAT 59 
tetA_R CACGTTGTTATAGAAGCCGCATAG 56 
tetbP_F TGGGCGACAGTAGGCTTAGAA 58 
tetbP_R TGACCCTACTGAAACATTAGAAATATACCT 56 
tetG_F_F TCGCGTTCCTGCTTGCC 59 
tetG_F_R CCGCGAGCGACAAACCA 59 
tetH_F TTTGGGTCATCTTACCAGCATTAA 55 
tetH_R TTGCGCATTATCATCGACAGA 55 
tetL_F ATGGTTGTAGTTGCGCGCTATAT 57 
tetL_R ATCGCTGGACCGACTCCTT 58 
tetM_F GGAGCGATTACAGAATTAGGAAGC 56 
tetM_R TCCATATGTCCTGGCGTGTC 57 
tetO_F CAACATTAACGGAAAGTTTATTGTATACCA 54 
tetO_R TTGACGCTCCAAATTCATTGTATC 54 
tetQ_F CGCCTCAGAAGTAAGTTCATACACTAAG 57 
tetQ_R TCGTTCATGCGGATATTATCAGAAT 54 
tetT_F CCATATAGAGGTTCCACCAAATCC 55 
tetT_R TGACCCTATTGGTAGTGGTTCTATTG 56 
tetW_F ATGAACATTCCCACCGTTATCTTT 55 
tetW_R ATATCGGCGGAGAGCTTATCC 56 




Table A1 continued 
 
Primer Name Sequence Tm (℃) 
tetX_R CATAGCTGAAAAAATCCAGGACAGTT 56 
tet33_241_388_F TGCTTGTTTCCCTGGCCG 54 
tet33_241_388_R GCGTGATGTCGGCGATCA 55 
16S_Eub_338_F ACTCCTACGGGAGGCAGCAG 58 
16S_Eub_518_R ATTACCGCGGCTGCTGG 54 
16S_1055yF ATGGTTGTCGTCAGCT 45 
16S_1392R ACGGGCGGTGTGTAC 47 
 
Table A2. Samples pooled to create interplate calibrator samples. The concentration of this 
calibrator was 11.04 ng/ul. 
 
Pooled Sample ID Manure Type Treatment Matrix Day 
A224Pman1 Pig Manure Manure 0 
A792-794BMaS17C01 Beef Manure Soil 17 
A797-799BMaS17C02 Beef Manure Soil 17 
A193-195BCoR33C01 Beef Control Water 33 
A246-248BMaR33C09 Beef Manure Water 33 
A300-302PCoR61C10 Pig Control Water 61 
A522-524BMaR110C09 Beef Manure Water 110 
A598-600PCoR138C10 Pig Control Water 138 
A568-570BMaR138C03 Beef Manure Water 138 
A902-904PCoS145C04 Pig Control Soil 145 
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Table A5.  Kruskal-Wallis rank sum test results for significant differences in median abundance 
of ARGs between swine and beef manure sample types, control samples, and manure-treated 




Table A6. Kruskal-Wallis rank sum test results for differences in median abundance of ARGs in 
swine or beef manure-treated samples and paired controls including chi-squared, degrees of 
freedom, and p-values. 
 
  Swine Water Swine Soil Beef Water Beef Soil 
  
chi-
squared df p-value 
chi-
squared df p-value 
chi-
squared df p-value 
chi-
squared df p-value 
Manure-treated 189.76 1 2.20E-16 54.093 1 
1.91E-
13 51.821 1 6.08E-13 9.7241 1 0.0018 
  Swine Water Day 11 Swine Soil Day 17 Beef Water Day 11 Beef Soil Day 17 
  
chi-
squared df p-value 
chi-
squared df p-value 
chi-
squared df p-value 
chi-
squared df p-value 
Manure-treated 233.08 1 2.20E-16 92.781 1 
2.20E-
16 51.821 1 6.08E-13 10.017 1 0.0016 
tet(32) 7.1739 1 0.007397 NA 1 NA NA 1 NA NA 1 NA 
tet(33) 0.41608 1 0.5189 0.066667 1 0.7963 2.0406 1 0.1532 0.78431 1 0.3758 
tet(36) 9.4661 1 0.002093 4.3548 1 0.0369 1 1 0.3173 1 1 0.3173 
tet44 9.4661 1 0.002093 2.4 1 0.1213 1 1 0.3173 NA 1 NA 
Sample Type Day Biological Replicates Technical Replicates Total Replicates
Manure 0 1 6 6
Manured soil 0 6 2 12
Manured effluent 11 6 2 12
Manured soil 17 3 2 6
Manured effluent 33 6 2 12
Manured effluent 61 6 2 12
Manured effluent 82 6 2 12
Manured soil 89 3 2 6
Manured effluent 110 6 2 12
Manured effluent 138 6 2 12
Manured soil 145 3 2 6
chi-squared df p-value
Manure Samples 18.323 1 1.86E-05
Control Samples 0.0009689 1 0.9752




Table A6 continued 
 
 Swine Water Day 11 Swine Soil Day 17 Beef Water Day 11 Beef Soil Day 17 
Manure-treated 
chi-
squared df p-value 
chi-
squared df p-value 
chi-
squared df p-value 
chi-
squared df p-value 
tetA NA 1 NA NA 1 NA NA 1 NA NA 1 NA 
tetbP 3.5783 1 0.05854 NA 1 NA 3.5783 1 0.05854 NA 1 NA 
tetG_F 1.0982 1 0.2947 NA 1 NA 9.4661 1 0.002093 1 1 0.3173 
tetH 9.4661 1 0.002093 4.3548 1 0.0369 9.4661 1 0.002093 NA 1 NA 
tetL 9.4661 1 0.002093 4.3548 1 0.0369 NA 1 NA NA 1 NA 
tetM 8.9323 1 0.002802 4.3548 1 0.0369 7.1739 1 0.007397 1 1 0.3173 
tetO 8.9323 1 0.002802 4.3548 1 0.0369 1 1 0.3173 NA 1 NA 
tetQ 9.4661 1 0.002093 4.3548 1 0.0369 2.1818 1 0.1396 1 1 0.3173 
tetT 9.4661 1 0.002093 4.3548 1 0.0369 1 1 0.3173 1 1 0.3173 
tetW 9.4661 1 0.002093 2.4 1 0.1213 2.1818 1 0.1396 NA 1 NA 
tetX 7.9674 1 0.004763 4.3548 1 0.0369 9.4661 1 0.002093 2.4 1 0.1213 
aadA9 5.2277 1 0.02223 NA 1 NA 5.2277 1 0.02223 NA 1 NA 
ant6-ia 7.1739 1 0.007397 4.3548 1 0.0369 NA 1 NA NA 1 NA 
ant6-ib 9.4661 1 0.002093 3.9706 1 0.0463 NA 1 NA NA 1 NA 
aph(3)-ia 7.1739 1 0.007397 4.3548 1 0.0369 NA 1 NA NA 1 NA 
strA 2.1818 1 0.1396 1 1 0.3173 2.1818 1 0.1396 NA 1 NA 
strB 9.4661 1 0.002093 4.3548 1 0.0369 9.4661 1 0.002093 1 1 0.3173 
erm(35) 9.4661 1 0.002093 4.3548 1 0.0369 NA 1 NA NA 1 NA 
erm(B) 9.4661 1 0.002093 4.3548 1 0.0369 NA 1 NA NA 1 NA 
erm(C) 5.2277 1 0.02223 NA 1 NA NA 1 NA NA 1 NA 
erm(F) 7.1739 1 0.007397 4.3548 1 0.0369 1 1 0.3173 NA 1 NA 
ermA/ermTR 2.1818 1 0.1396 NA 1 NA NA 1 NA NA 1 NA 
ermT 7.1739 1 0.007397 2.4 1 0.1213 NA 1 NA NA 1 NA 
ermX 2.1818 1 0.1396 NA 1 NA NA 1 NA NA 1 NA 
lnu(F) 9.4661 1 0.002093 4.3548 1 0.0369 1 1 0.3173 NA 1 NA 
lnuA 9.4661 1 0.002093 1 1 0.3173 5.2277 1 0.02223 1 1 0.3173 
lnuC 5.2277 1 0.02223 4.3548 1 0.0369 NA 1 NA NA 1 NA 
mef(B) 7.1739 1 0.007397 1 1 0.3173 NA 1 NA NA 1 NA 
mefA 5.2277 1 0.02223 1 1 0.3173 NA 1 NA 1 1 0.3173 
sat4 9.4661 1 0.002093 4.3548 1 0.0369 NA 1 NA NA 1 NA 
sul1 9.4661 1 0.002093 2.4 1 0.1213 9.4661 1 0.002093 1 1 0.3173 







CHAPTER 4.    SEQUENCE INDEPENDENT RECOVERY OF FUNCTIONAL 
INTEGRON CASSETTES 
Phil Colgan1*, Nicole Ricker2, Michelle L. Soupir1, Thomas B. Moorman2, Heather K. Allen2, 
Adina Howe2 
1 Department of Agricultural and Biosystems Engineering, Iowa State University; 2 United 
States Department of Agriculture Agricultural Research Service 
Modified from a manuscript to be submitted to PLOS One 
4.1 Abstract 
Antibiotic resistance genes associated with integrons have the ability to spread 
throughout bacterial communities and to accumulate in bacteria resulting in resistance to 
multiple antibiotics. These integron associated ARGs, called integron cassettes, are mobile DNA 
elements that collectively confer resistance to the majority of known classes of antibiotics. The 
integron cassettes present in a given environment therefore represent important targets for 
monitoring and assessment of the potential for ARG transmission and the emergence of multi-
drug resistant pathogens in ecosystems exposed to antibiotics. We constructed a novel reporter 
strain of E. coli with a synthetic integron and an associated conjugation assay designed to capture 
integron cassettes from mixed bacterial communities to identify actively mobile ARG cassettes 
and verify that they are functional. We were able to show that the synthetic integron could 
capture exogenous integron cassettes from another lab strain of E. coli and identify variables of 
the assay that increased cassette capture frequency but were not able to demonstrate this using 
donors from manure samples. 
4.2 Introduction 
The evolution of antibiotic resistance is a global health challenge. Bacteria can become 




other bacteria through a process called horizontal gene transfer. There are many mechanisms of 
horizontal gene transfer but one of the most successful for the acquisition and subsequent 
expression of ARGs is through a genetic structure known as an integron. Antibiotic resistance 
genes associated with integrons have the ability to spread throughout microbial communities and 
to accumulate in bacteria resulting in resistance to multiple antibiotics (Gillings, 2014; Mazel, 
2006). These integron associated ARGs, called integron cassettes, are mobile DNA elements that 
collectively confer resistance to the majority of known classes of antibiotics (Partridge et al., 
2009). The integron cassettes present in a given environment therefore represent important 
targets for monitoring and assessment of the potential for ARG transmission and the emergence 
of multi-drug resistant pathogens in ecosystems exposed to antibiotics.  
Integrons are genetic mechanisms located on bacterial chromosomes and plasmids that 
help shape adaptive response to environmental pressure through the capture and expression of 
integron cassettes (Gillings, 2014). Integrons have characteristic genetic elements including an 
integron-integrase gene (intI) encoding a site-specific recombinase and a promoter (Pc) that is 
positioned directly up-stream of a recombination site (attI).  Integron cassettes are simple mobile 
elements composed of a single promoterless gene and a recombination site (attC). The IntI 
recombinase facilitates reversible site-specific recombination between attC and attI sites, 
allowing integration and immediate expression of gene cassettes directed by the promoter Pc 
(Fig 1). As additional gene cassettes are integrated, the previous cassettes are pushed farther 
downstream from the promoter, resulting in arrays containing potentially hundreds of cassettes 
(Joss et al., 2009). When bacteria containing an integron are subjected to environmental 
pressures, expression of IntI is induced through activation of the SOS response (Hocquet et al., 




promoter where they are more strongly expressed, creating potential for adaptation to 
environmental pressures such as antibiotic exposure. Of the several classes of integrons that have 
been identified, class 1 integron integrases have to ability to recognize and integrate the greatest 
diversity of ARG cassettes (Oliveira-Pinto et al., 2017). Additionally, class 1 integrons are 
commonly found in bacterial pathogens and are therefore of clinical importance (Gillings et al., 
2008).  
Various strategies have been used to characterize integron cassettes in the environment.  
The majority of known integron cassettes have been identified using degenerate primers 
targeting conserved regions of integrases and attC sites with PCR to detect gene cassettes in 
environmental DNA samples (Gillings et al., 2009; Holmes et al., 2003; Stokes et al., 2001; 
Tansirichaiya et al., 2016). Sequences identified in this way must be verified with subsequent 
cloning and recombination experiments to verify that they can be recognized by IntI and 
recombined into an integron array. However, it is likely that the total pool of functional integron 
cassettes present in the environment will not be amplified by existing degenerate primer sets due 
to the high diversity seen in known attC sequences. These sites are highly variable with lengths 
ranging from 57-145 bp and have pairwise differences in primary sequence exceeding 70% 
(Holmes et al., 2003; Stokes et al., 1997). Algorithms have also been developed to identify attC 
sites in sequence data using covariance models to predict secondary structures characteristic of 
single stranded attC sequences (Pereira et al., 2016; Touchon et al., 2016). This approach is 
subject to the limitations imposed by high-throughput DNA sequencing, as detecting genes that 
are in low abundance requires sequencing efforts with extensive depth of coverage that can be 
cost prohibitive. Beyond this lies the challenge of verifying that any gene identified by 




We constructed a novel reporter strain of E. coli designed to capture integron cassettes 
from mixed bacterial communities to identify actively mobile ARG cassettes in a sequence 
independent fashion. We wanted to know if 1) a recipient strain of E. coli equipped with a 
recombinant plasmid-based integron could capture cassettes and store them for sequence-
independent selective recovery using a conjugation assay, 2) if experimental conditions of the 
conjugation assay could be optimized to increase frequency of cassette captures and 3) if the 
same recipient strain could capture cassettes in co-culture with environmental samples using a 
conjugation assay with optimized parameters.  
To do this, we engineered a strain of E. coli with a synthetic integron with inducible IntI1 
recombinase activity, a strong constitutive promoter controlling expression of the integron 
cassette array, and an attI site modified with flanking de novo primer binding sites for selective 
recovery of mobile gene cassettes integrated into the array via PCR amplification. We then 
verified the functionality of the synthetic integron using a conjugation assay involving another 
recombinant donor strain of E. coli harboring an integron cassette on a conjugal plasmid. 
Modified conjugation assays were performed to optimize experimental variables including cell 
growth phase, IPTG induction methods, conjugative medium, and recipient to donor cell ratios 
for enhanced rates of cassette capture. Finally, conjugation assays attempting to capture integron 
cassettes from manure samples were performed. 
Conjugation assays utilizing pure cultures of the recipient and donor strains were 
successful, resulting in recovery of both single and double cassette insertions. Attempts to 
capture integron cassettes from swine manure were unsuccessful. However, we identified several 






A secondary methods section with details of specific protocols is included in the 
appendix. Specific protocols from the supplemental methods in the appendix are numbered and 
cited in brackets where appropriate within this section (eg. Appendix 4.10.1). 
4.3.1 Recipient Strain Creation 
The promiscuity of the class 1 integron integrase and its association with pathogenic 
bacteria of clinical importance give it the unique ability to find and store diverse mobile ARGs 
cassettes that are of prime importance in monitoring efforts. Therefore, a class 1 integron 
integrase intI1 was included in the synthetic integron. 
The recipient plasmid pP9K (Fig 2) was designed based on the pTrc99A plasmid 
backbone (Amann et al., 1988). The intI1 gene with corresponding attI insertion site previously 
used in successful integration experiments (Bikard et al., 2010) was added to the pTrc99A 
backbone. Expression of intI1 was controlled by induction of the lacIq promoter native to 
pTRC99A using isopropyl-beta-D-thiogalactoside(IPTG)(Gold Biosystems, cat# I2481C). 
Expression of the cassettes inserted into the integron array was controlled by a strong 
constitutive promoter (iGEM part BBa_J23100) and Elowitz ribosome binding site (iGEM part 
BBa_B0034). Both T4 and native pTrc99A terminators were placed down-stream of the attI site 
to prevent transcriptional read-through. Site-specific primer binding sites flanking the attI 
insertion site were added to selectively amplify the integron array and any cassette inserted into 
it using pP9K_attI primers (Appendix 4.10.1). The pTrc99A plasmid contains ampicillin 
resistance for selection of the recipient strain after conjugation with the donor strain. The pP9K 
plasmid was synthesized (IDT gBlocks). E. coli MG1655 (ATCC 47076) was chosen as the 
recipient cell due to its lack of F-plasmid.  It does not have the genes required to donate genetic 




followed by transformation with pP9K using an in-house protocol (Appendix 4.10.1) to yield the 
recipient strain E. coli P9K, hereto referred to as P9K. A post-transformation plasmid digest was 
performed to verify successful transformation (Appendix 4.10.1.1). 
4.3.2 Donor Strain Creation 
The donor plasmid pCAT9K (Fig 2) was designed based on the pSF100 suicide plasmid 
(Rubirés et al., 1997). pSF100 contains the origin of replication from plasmid R6K that can be 
initiated only when inside a host strain containing the λ-pir genes, allowing it to be stably 
replicated (Demarre et al., 2005). When the pCAT9K is transferred into the λ-pir negative 
recipient cell E. coli P9K through conjugation, it will no longer be replicated and instead remain 
in its single stranded form and phenotypic chloramphenicol resistance will not be maintained in 
the cell if the gene cassette is recognized by the integrase expressed on pP9K and recombined 
into the integron array. The cassette carried by pCAT9K was designed by removing the promoter 
from the catI gene sequence from pACYC184 (Chang et al., 1978) and adding attC sites that 
have been shown to enhanced cassette exision rates placed on either side of an open reading 
frame, including attCaac(6’)-Ia-orfG and attCANT(3”)-Ia (Larouche et al., 2011). When this cassette is 
recombined in front of the attI site of the synthetic integron, it will confer resistance to 
chloramphenicol antibiotics, allowing for recovery of successful insertion events using selective 
media. If the whole pCAT9K plasmid integrates into the plasmid or chromosome of P9K, 
resistance to chloramphenicol could be conferred without successful cassette capture. To select 
against these events, the sacB counterselection gene was added to pCAT9K. If a whole pCAT9K 
insertion event occurs in either the plasmid or chromosome of P9K, the levansucrase enzyme 
encoded by the sacB gene converts sucrose into levans, an antimicrobial polysaccharide, 




The double stranded, linearized form of pCAT9K was synthesized (IDT gBlocks) with 
AflII restriction sites on both ends allowing digestion with AflII restriction endonuclease (NEB, 
cat# R0520S) in CutSmart buffer (NEB, cat# B7204S) and ligation with T4 DNA ligase (NEB, 
cat# M02020S) according to the manufacturer’s protocol to yield the circularized pCAT9K 
plasmid. E. coli S17-1 was chosen as the host cell for pCAT9K because it has the λ-pir genes 
necessary to initiate replication from the R6K origin of pCAT9K. E. coli S17-1 was made 
competent followed by transformation with pCAT9K using an in-house protocol (Appendix 
4.10.1) to yield the donor strain E. coli pCAT9K, hereto referred to as CAT9K.  A post-
transformation plasmid digest was performed to verify successful transformation (Appendix 
4.10.1). Kanamycin resistance on the pCAT9K plasmid and chromosomal trimethoprim 
resistance of E. coli CAT9K were used for selection and screening purposes. The functionality of 
the sacB counterselection was tested by plating CAT9K cells on LB plates with 50 ug/ml 
kanamycin as well as a dilution gradient of 1, 5 and 10% sucrose.   
4.3.3 Verifying Synthetic Integron Functionality 
P9K cells with successful cassette insertions are resistant to carbenicillin due to the beta-
lactamase resistance of pP9K and also to chloramphenicol due to the catI integron cassette from 
pCAT9K. Therefore, a post-conjugation screen using selective media containing these two 
antibiotics will allow only P9K cells with successful cassette insertions to grow. Cells that 
exhibit both carbenicillin and chloramphenicol resistance without successful cassette insertion 
are considered false positives for integron cassette capture. Pure cultures of CAT9K were spread-
plated on LB with carbenicillin and on LB with chloramphenicol to determine if carbenicillin 
resistance would spontaneously develop in CAT9K or whether unintended expression of the 
promoterless chloramphenicol cassette on pCAT9K may potentially lead to false positive 




spread-plated on LB with chloramphenicol to determine if spontaneous chloramphenicol 
resistance would develop in P9K, leading to false positive colonies in the post-conjugation 
screening.  
Functionality of the synthetic integron was initially verified using a solid surface filter 
mating assay between CAT9K donor cells in late exponential growth phase and P9K recipient 
cells in stationary growth phase (Appendix 4.10.2). Cultures of P9K and CAT9K were screened 
for spontaneous mutations and unintended expression of genes that may confound subsequent 
screens for P9K cells with successful cassette captures (Appendix 4.10.2.1). Cultures of P9K and 
CAT9K were combined and applied to a filter fixed upon LB agar plates containing IPTG 
(Appendix 4.10.2.2). Conjugation mixtures were also added to plates containing no IPTG to 
monitor potential leaky expression of intI1.  
To screen for post-conjugation cells that that indicate that our recipient and donor 
plasmids may be behaving unexpectedly, dilutions of post-conjugation mixtures were spread-
plated on LB plates containing carbenicillin and kanamycin (Appendix 4.10.2.3). Growth on 
these plates would indicate that either kanamycin resistance from pCAT9K is being maintained 
inside P9K or that carbenicillin resistance from pP9K is being maintained inside CAT9K despite 
P9K’s inability to transfer genetic material. To select for P9K cells with successful cassette 
insertions, dilutions of post-conjugation mixtures spread-plated on integration selection plates 
containing carbenicillin and chloramphenicol and colony counts were recorded. Colonies that 
grew on these plates were re-plated on fresh integration selection plates and transferred to 
another integration selection plate on a grid (Appendix 4.10.2.3).  
We used colony PCR, plasmid restriction digests, and Sanger sequencing to verify that 




(Appendix 4.10.2.4). Colonies that passed the selection screen were used for colony PCR with 
pP9K_attI primers and the size of the amplicons was measured using agarose gel electrophoresis.  
Plasmids from colonies showing amplicon sizes indicative of insertion events were tested with a 
restriction digest to further verify the size of the plasmid corresponded to a cassette insertion. 
Finally, PCR product was generated and sequenced using Sanger sequencing to verify successful 
cassette insertion. Additionally, bulk DNA was extracted from the undiluted conjugation mixture 
followed by PCR with pP9K_attI primers to determine if cassette insertions could be detected 
prior to screening with integration selection plates. 
4.3.4 Optimization of Variables Influencing Frequency of Cassette Capture 
In order for the chloramphenicol integron cassette from CAT9K to be integrated into the 
attI site on pP9K, the pCAT9K plasmid must be transferred into P9K through conjugation. 
Therefore, factors that influence conjugation rates will also influence the frequency of successful 
cassette capture. The factors investigated include 1) the relative growth phases of the donor and 
recipient cells put into the conjugation mixture, 2) the timing, duration, and medium in which 
IPTG induction occurs, 3) the medium in which the conjugation is performed, and 4) the ratio of 
recipient cells to donor cells in the conjugation mixtures. 
4.3.4.1 Growth Phase 
Previous studies have shown that under typical physiological conditions the limiting step 
in mating pair formation, a process required for conjugation, is the assembly of the F pilus by E. 
coli donor cells (Walmsley, 1976). The highest rate of piliation and plasmid transfer in E. coli 
cells occurs at the end of the exponential growth phase of the donor cell, regardless of the growth 
phase of the recipient cell (Muela et al., 1994; Novotny et al., 1971). A previous study 
investigating growth phase dynamics of E. coli MG1655 in LB broth showed that exponential 




gradually prior to entering stationary phase (Sezonov et al., 2007). The general conjugation 
protocol (Appendix 4.10.2.2) was used to determine integration frequency using CAT9K cells 
between the end of exponential growth and the beginning of stationary phase, with an OD600 of 
0.35-0.4, when the plasmid transfer is presumed to be the most frequent. The integration 
frequency of conjugations using CAT9K cells in stationary phase was also determined by using 
an overnight culture of CAT9K in the general conjugation procedure (Appendix 4.10.2.2) instead 
of one grown to an OD600 of 0.35-0.4.   
4.3.4.2 IPTG Induction 
IPTG is an analog of galactose that inactivates the lacIq repressor component of the lacIq 
promoter allowing tightly controlled expression of the intI1 gene of pP9K. The traditional one-
step IPTG induction method involves addition of IPTG to the LB agar plates used in the solid 
surface filter mating protocol at a final concentration of 0.5 mM.  A two-step IPTG induction 
method was also used in order to allow P9K cells to begin expressing the integrase enzyme prior 
to introducing CAT9K. This additional time would potentially increase levels of integrase in 
P9K cells and result in an increased frequency of cassette captures. This was done by altering the 
general conjugation protocol (Appendix 4.10.2.2) by introducing a final concentration of 0.5 mM 
IPTG into the culture of P9K in LB broth 1 hour before the estimated time required to reach the 
desired optical density. 
4.3.4.3 Conjugative Medium 
Transfer of DNA between bacterial cells via conjugation involves the formation of pili by 
type IV secretion systems. Different type 4 secretion systems utilize pili that facilitate 
conjugation more or less efficiently based on the environment a bacterial donor cell is exposed 
to. For example, the IncP1 plasmid group uses rigid T4SS pili that facilitate conjugation more 




Alternatively, the IncP7 plasmid group uses flexible T4SS pili that facilitate conjugation more 
efficiently when the cell is suspended in liquid (Lawley et al., 2003). To determine how 
significantly liquid and solid mediums impact integration frequency, a liquid mating assay was 
compared to the traditional filter mating assay. The liquid mating assay was performed as 
described in the general conjugation procedure (Appendix 4.10.2.2) with the exception that 75 ul 
of overnight P9K and CAT9K cultures were added to 1.5 mL tubes with 0.75 ul 100 mM IPTG, 
for a final concentration of 0.5 mM IPTG, instead of onto a filter. After incubating with shaking 
overnight at 37o C, the post-conjugation mixtures were serial diluted and spread-plated on 
integration selection plates as described in the general conjugation procedure. 
4.3.4.4 Donor and Recipient Cell Ratios 
Conjugation rates are also affected by the ratio of donor and recipient cells in the 
conjugation mixture (Huisman et al., 2020). The optimal recipient to donor (RD) ratio may be 
different depending on the plasmid type. To determine the optimal RD ratio for CAT9K and 
P9K, 9 RD ratios between 0.1-2 were tested. These conjugation mixtures were made by diluting 
overnight cultures of CAT9K and P9K starting at an OD600 of 0.839 and 1.462, respectively. The 
volume of P9K cells was held constant while the CAT9K culture was diluted to adjust the ratio 
of cells. Other than the change in RD ratios, these conjugations were performed as described in 
the general conjugation procedure (Appendix 4.10.2.2). 
4.3.5 Environmental Cassette Capture 
The goal of creating P9K and optimizing the associated conjugation assay was ultimately 
to use it to monitor and more completely characterize the pool of integron cassettes in the 
environment. To determine if pP9K can integrate mobile integron cassettes found in complex 
environmental samples impacted by antibiotic exposure, we used swine manure as the source of 




a finishing facility in Alden, Iowa where the swine were exposed to tiamulin and tetracycline 
antibiotics in-feed. The manure was stored at 4o C for the duration of the study. Conjugation 
experiments involving swine manure were performed using similar methods as described in the 
general conjugation procedure (Appendix 4.10.2) with the exception that swine manure was used 
as the donor instead of a pure culture of pCAT9K. However, the inherent microbial and physical 
complexity of manure relative to pure cultures required additional preparation and selection 
procedures to identify variables affecting the frequency of integron cassette integration events.  
A series of conjugation assays incorporating swine manure as the donor were developed 
and performed (Appendix 4.10.3). These assays were informed by the optimization experiments 
and with consideration for the unique challenges associated with an environmental donor as 
complex as swine manure. 
The microbial community in swine manure is very complex, creating potential for 
competitive interactions with P9K. Integrons are widely distributed among Gram-negative 
bacteria (Yu et al., 1995), including those associated with livestock production and fertilization 
of crops with animal manure (Van Essen-Zandbergen et al., 2007). MacConkey media is used to 
selectively enrich Enterobacteriaceae, a family of Gram-negative bacteria known to harbor 
abundant antibiotic resistance genes. To increase the chance of successful cassette capture, 
MacConkey media was used in conjugation experiments to enrich for donors that may be more 
likely to harbor integron cassettes. 
The raw manure collected from the retention pit likely contained levels of tiamulin and 
tetracycline antibiotics that may be lethal to P9K cells.  Manure conjugation experiments were 




were washed with phosphate-buffered saline (PBS) to remove potential inhibitors, including 
residual antibiotics.  
Decreased microbial activity after storage of the swine manure at 4o C in between 
conjugation experiments may potentially impact conjugation rates. Manure was either used 
directly from storage at 4o C or incubated over night at 37o C to activate the bacterial community 
prior to conjugation. 
A series of conjugation assays incorporating swine manure as the donor were developed 
and performed (Appendix 4.10.3). These assays were informed by the optimization experiments 
and with consideration for the unique challenges associated with an environmental donor as 
complex as swine manure. 
4.4 Results 
We wanted to know if a recombinant strain of E. coli equipped with a plasmid-based 
integron could 1) capture cassettes and store them for sequence-independent selective recovery 
using a conjugation assay, 2) if experimental conditions of the conjugation assay can be 
optimized to increase frequency of cassette captures and 3) if the same recipient strain can 
capture cassettes in co-culture with environmental samples using a conjugation assay with 
optimized parameters.  
To do this, we engineered a strain of E. coli with a synthetic integron with inducible IntI1 
recombinase activity, a strong constitutive promoter controlling expression of the integron array, 
and an attI site modified with flanking de novo primer binding sites for selective recovery of 
mobile gene cassettes integrated into the array via PCR amplification. The functionality of the 
synthetic integron on plasmid designated pP9K was verified using a conjugation assay with 




plasmid designated pCAT9K. Several modified conjugation assays were then performed to 
determine the impact of variables including cell growth phase, IPTG induction methods, 
conjugative medium, and recipient to donor cell ratios on rates of cassette capture. Finally, 
conjugation assays attempting to capture integron cassettes from manure samples were 
performed. 
4.4.1 Evaluation of Donor and Recipient Strain Phenotypes 
Prior to performing any conjugation experiments, pure cultures of the recipient P9K and 
donor CAT9K were grown on select antibiotics to verify their expected phenotypes and to ensure 
that they could be selectively inhibited. As expected, P9K showed resistance to carbenicillin 
only, and CAT9K showed resistance to trimethoprim and kanamycin.  However, CAT9K 
showed stunted growth on chloramphenicol although the chloramphenicol cassette was not 
intended to be expressed until it was transferred into P9K and integrated into the integron 
cassette array (Table 1). Growth of P9K on chloramphenicol or CAT9K on carbenicillin would 
indicate spontaneous generation of resistance to these antibiotics through mutation. Mutations 
conferring spontaneous carbenicillin resistance in CAT9K or spontaneous chloramphenicol 
resistance in P9K were not observed throughout the study.   
To confirm that the sacB gene in pCAT9K plasmid could prevent growth on media 
containing sucrose, we plated CAT9K on LB containing sucrose. Growth was observed on 
overnight cultures of CAT9K on LB plates amended with kanamycin and 1, 5, and 10% sucrose, 
indicating the sacB counterselection was not successful. Sanger sequencing showed a frameshift 
mutation in the open reading frame of the sacB gene that may have caused this gene to be non-
functional, prohibiting us from selecting against events where the whole pCAT9K plasmid 




4.4.2 Evaluation of Synthetic Integron Functionality 
Functionality of the lacIq promoter controlling expression of intI1 was verified by 
screening for integrations in post-conjugation cells that were not exposed to IPTG using colony 
PCR with pP9K_attI primers. No integrations were observed in the controls that did not include 
IPTG throughout the study, indicating that the lacIq promoter prevented unintended expression 
of intI1. 
To screen for unintended plasmid transfer and maintenance between P9K and CAT9K, 
post conjugation mixtures were spread on plates containing carbenicillin and kanamycin. Growth 
of post-conjugation cells was observed in all of the conjugation assays performed in this study. 
This was unexpected and indicates that either the suicide plasmid (pCAT9K) carrying kanamycin 
resistance is being maintained inside P9K recipient cells or that the pP9K plasmid (with 
carbenicillin resistance) has been transferred to the donor during conjugation. These cells were 
susceptible to trimethoprim, indicating that they were P9K cells. To deduce the cause of this 
unexpected phenotype, we screened the colonies with selective media, screened colonies and 
plasmids for DNA markers corresponding to each plasmid using PCR and compared the size of 
the plasmids using restriction digests. Expected sizes of each plasmid and amplicon are included 
in Table 2. Colony PCR using pP9K_attI primers showed a fragment size corresponding to an 
empty attI site (235 bp) (Fig 3). However, amplification with primers targeting the sacB gene 
was positive, indicating all or part of the pCAT9K was maintained inside a P9K cell along with 
pP9K. The restriction digest of plasmid extracted from these colonies showed a single band 
corresponding to the size of pP9K (5,437 bp) (Fig 3). This indicates that pCAT9K did not 
recombine into pP9K and was not being maintained as a separate plasmid in P9K.  Instead, this 
evidence suggests that all or part of the pCAT9K plasmid was integrated into the chromosome of 




The ability of the IntI1 recombinase to facilitate recombination of the chloramphenicol 
cassette into to attI site of the synthetic integron on pP9K and confer phenotypic 
chloramphenicol resistance was verified by plating the post conjugation mixtures on integration 
selection plates containing carbenicillin and chloramphenicol. Colony growth was observed after 
spreading 100 ul of the undiluted post-conjugation cell mixture on integration selection plates. 
Counts of colonies ranged from 51-472 colonies over all of the conjugation experiments. The 
majority of those colonies did not grow when re-plated on fresh integration selection plates, 
suggesting that the false positive colonies were protected from the antibiotics in the selection 
plates (Fig 4). Growth was not observed on any of the 10-1 or greater dilutions of the post-
conjugation cell mixtures spread on integration selection plates, indicating that the observed 
antibiotic-shielding may be density-dependent. There were however a small number of 
successful integrations observed ranging from 0-7 colonies on the undiluted plates determined by 
colony PCR using pP9K_attI primers.   
PCR product from colonies selected for verification using Sanger sequencing revealed 
both single and double chloramphenicol cassette integrations, indicating that our recipient strain 
successfully captured cassettes. However, our results indicate these events occur rarely. 
We had also attempted a more high-throughput screening with bulk DNA extraction from 
the conjugation mixtures to search for successful integration within the attI site prior to selection 
on integration plates. Unfortunately, no insertion events were detected using PCR with 
pP9K_attI primers on bulk DNA. The consistent presence of false-positive growth on integration 
selection plates made the detection of transconjugants more challenging but did not eliminate our 




observation that integration is possible though rare with our donor and recipient strains resulted 
in evaluating methods to increase the probability of integration events. 
4.4.3 Pure Culture Assay Optimization 
Modified conjugation assays were performed to optimize experimental variables that may 
increase the cassette capture frequency of the assay. The variables investigated include the 
relative growth phases of the donor and recipient cells put into the conjugation mixture, the 
timing, duration, and medium in which IPTG induction occurs, the medium in which the 
conjugation is performed, and the ratio of recipient cells to donor cells in the conjugation 
mixtures.   
First, we determined whether exposing P9K to IPTG for a period of time before the 
conjugation began could increase cassette capture rates. The general conjugation procedure 
(Appendix 4.10.2.2) introduces IPTG in the plates used for incubation after the cells are mixed 
together. Additional IPTG exposure before the cells are mixed together, during the last hour of 
the P9K incubation period prior to conjugation, resulted in 7.91e-11 integrations/P9K cell. 
Without this extra step, the general conjugation procedure resulted in a frequency of 1.19e-10 
integrations/P9K cell, indicating that the additional time provided for integrase expression did 
not improve integration frequency.  
Next, we determined if conjugations using CAT9K cells in stationary phase or late 
exponential growth phase resulted in higher cassette capture frequency. In the general 
conjugation procedure (Appendix 4.10.2.2), P9K cells are grown to stationary phase and CAT9K 
cells to late exponential growth phase prior to mixing them together to conjugate. Using CAT9K 
cultures in stationary growth phase for conjugation resulted in 1.11e-9 integrations/P9K cell. The 




experiments 1.17e-9 integrations/P9K cell, indicating that conjugations with CAT9K cells in late 
exponential growth phase yield a higher frequency of integrations.   
Next, we determined if conjugation assays using solid surface filter mating or assays 
using cell mixtures suspended in liquid media resulted in greater cassette capture frequency. The 
integration frequencies for conjugation experiments using both liquid and solid LB mediums was 
1.11e-9 integrations/P9K cell, indicating that both mediums work equally well for this assay. 
Finally, we determined the optimal ratio of recipient to donor cells at the start of the 
conjugation. The recipient to donor (RD) ratio of 0.75 yielded the largest integration frequency 
of all the experiments (Fig 5), corresponding to a P9K culture at an OD600 of 0.63 and the 
CAT9K culture at an OD600 of 0.84. Note that with this particular recipient and donor 
combination, 1.75 is the approximate RD ratio used in stationary the phase conjugations, 
representing overnight cultures. 
4.4.4 Manure Conjugations 
To determine if pP9K can integrate mobile integron cassettes found in complex 
environmental samples impacted by antibiotic exposure, we used swine manure as the source of 
donor cells in conjugation assays (Appendix 4.10.3). Unfortunately, none of the conjugation 
assays using manure as the donor resulted in recovery of an environmental integron cassette. We 
used 2 general approaches to screen for environmental cassette captures; PCR on bulk plasmid 
extractions and plating on selective media followed by PCR. When conjugations failed using 
each of these methods, we attempted to enrich the manure microbial community potentially 
carrying integron cassettes using MacConkey media without positive results.  
PCR with pP9K_attI primers on bulk plasmid extractions from the post conjugation 
mixtures did not result in amplification using any of the selection or enrichment methods. Plating 




morphologies clearly inconsistent with P9K colonies, indicating that bacteria resistant to both 
chloramphenicol and carbenicillin antibiotics are common in swine manure. Attempts to screen 
those colonies that showed morphologies consistent with P9K were unsuccessful. Therefore, a 
much less common selection marker should be used in the future, preferably one that is not 
resistance-based. 
4.5 Discussion 
We developed an assay involving a recombinant integron that resulted in successful 
sequence-independent recovery of an exogenous integron cassette. We also identified variables 
of the assay that increased the number of cassette captures. While subsequent assays attempting 
to capture integron cassettes from the microbial community in swine manure were unsuccessful, 
observations of patterns in selection marker distribution between recipient and donor strains at 
various steps of the conjugation procedure allowed us to identify alternate plasmid designs and 
host cell considerations that may solve the challenges we encountered. 
One of the challenges we encountered during these experiments was the large number of 
false positive colonies that required screening in order to find P9K cells with successful cassette 
integrations. Although many colonies grew on the integration selection plates containing 
carbenicillin and chloramphenicol antibiotics when spread with undiluted post-conjugation 
mixtures, a relatively small number of those colonies grew when transferred individually onto 
fresh integration selection plates.  
Evidence collected from experimental characterization of the false positive colonies 
suggests that they were able to grow on the integration selection plates due to integration of all or 
part of pCAT9K into the chromosome of P9K. These chromosomal integrations may have 
occurred due to the presence of a competing recombinase in P9K. After revisiting the genotype 




gene encodes a DNA strand exchange protein involved in DNA repair that can recombine 
homologous portions of a plasmid into chromosomal DNA, causing unintended genetic changes. 
For this reason, host cells meant to maintain foreign plasmids contain a mutation inactivating the 
recA gene. It is possible that the functional recA gene in E. coli MG1655 is responsible for 
recombination of all or part of pCAT9K into the chromosome of P9K. Once pCAT9K was 
integrated into the chromosome, faulty transcriptional terminators between the constitutive 
promoter of the sacB gene and the promoterless chloramphenicol cassette likely allowed read-
through expression of the catI gene from the sacB promoter, resulting in phenotypic 
chloramphenicol resistance and false positive growth on the integration selection plates. 
However, because the catI gene is being expressed from a distant promoter the expression is not 
efficient and the resulting chloramphenicol resistance is weak. This can also be seen in the 
stunted growth of CAT9K on chloramphenicol media, where it should not grow at all. 
Interestingly, no colony growth was observed on the integration selection plates spread 
with 10-1 or greater dilutions of post-conjugation mixture, indicating that the growth of the false 
positive colonies may be dependent on the density of cells spread on the integration selection 
plates. The false positive cells show typical carbenicillin and kanamycin resistance but growth on 
chloramphenicol media is stunted. This is likely due to the weak expression of the catI gene from 
the sacB promoter. Weak chloramphenicol resistance may lead to density-dependent growth on 
the integration selection plates. It is possible that for growth of these false positive cells to occur 
on the integration selection plates, a large number of false positive cells weakly expressing 
chloramphenicol resistance must be present in order to drop the concentration of 




The sacB counterselection gene was included on the pCAT9K plasmid to select against 
growth of cells that integrated the entire plasmid, but the gene was non-functional due to a 
frameshift mutation. If the sacB gene were functional, the counterselection protocol may have 
decreased the number of false positive colonies requiring screening on the integration selection 
plates, but RecA may continue to outcompete IntI1 for pCAT9K, decreasing the frequency of 
successful cassette captures by the integron. If a recA- recipient cell was used, competition for 
pCAT9K may be eliminated and therefore increase the potential for the cassette to recombine it 
into the attI site of pP9K. Therefore, pP9K should be transformed into a different host strain that 
is recA- in future experiments. 
Variation in the P9K and CAT9K cell ratio (RD) in the conjugation mixtures resulted in 
the largest positive impact on transconjugant frequencies. The importance of meeting a specific 
RD ratio is clear (Fig 3), with the cassette integrations recovered from assays deviating just +/- 
0.25 from the optimal 0.75 RD ratio resulting in depressed recovery rates. Donor cells in late 
exponential growth phase have been shown to transfer plasmids more readily, and some plasmid 
transfer genes facilitate plasmid transfer more efficiently in a liquid vs solid medium.  Neither of 
these variables appeared to have a large impact on frequency of cassette captures observed.  It is 
possible that with more replicates, significant differences could be more apparent.  
No cassette insertions were detected in any of the manure conjugation experiments. If any 
environmental integron cassettes did end up inside P9K, it is possible that RecA may have 
outcompeted the integrase, preventing the cassette from being recombined into the attI site of 
pP9K where it could be detected with PCR. If there were any successful integration events, the 
number of non-target cells that were also resistant to carbenicillin and chloramphenicol may 




to find it. Using selectable marker that is less common in the environment and not resistance 
based might solve this issue.   
4.6 Conclusion 
The need for identifying the movement of ARGs between hosts is critical for 
understanding the spread of antibiotic resistance in the environment.  In our experiences, 
identifying rare integration events or the movement of ARGs using integron integrases is 
extremely challenging.  While we were able to identify conjugation events where IntI1 facilitated 
recovery of external ARG cassettes, we were not able to demonstrate this within manure 
samples.  In future experiments, we recommend choosing a different host strain for pP9K that is 
recA- to help eliminate competition between IntI1 and RecA.  Additionally, the assay would 
benefit from a host strain with a selectable marker that is less commonly found in the 
environment compared to carbenicillin. These proposed changes may result in less non-target 
cell growth on the integration selection plates, potentially resolving the density dependent 
growth issue and yield fewer colonies to screen, and thus enhance our ability to detect mobile 
integron cassettes in the environment. To maintain the effectiveness of the antibiotics available 
to us for as long as possible, we must identify human activities that contribute to the spread of 
ARGs in the environment and refine our best management practices to mitigate that spread. Once 
refined, the tool described here will allow us to more completely characterize the actively mobile 
and clinically relevant ARGs in a variety of environmental matrices, enabling us to make 
informed decisions regarding implementation of monitoring mitigation strategies. 
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4.9 Figures and Tables 
 
Fig 1. The IntI recombinase facilitates recombination between the attI site located on a plasmid 
and another homologous attC site located on mobile gene cassettes which the bacterium takes up 






Fig 2. Annotated pP9K (recipient) and pCAT9K (donor) plasmids 
 
 
Fig 3. Linearized and non-digested plasmids (Left) and pP9K_attI PCR amplicons (Right) 
showing pP9K and pCAT9K, a post conjugation pP9K with cassette insertion (transconjugant), 





























Fig 4. Number successful insertion events detected by pP9K_attI PCR vs the number of colonies 
counted on integration selection plates over all assays. 
 
 
Fig 5. Frequency of successful integration events in conjugations utilizing various recipient to 
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Table 1. Susceptibility of P9K and CAT9K strains to antibiotics used for screening. P9K is 
intended to be resistant to carbenicillin. CAT9K is intended to be resistant to kanamycin and 
trimethoprim. The concentrations of antibiotics used were 50 ug/ml carbenicillin, 50 ug/ml 
kanamycin, 25 ug/ml chloramphenicol, 10 ug/ml trimethoprim. 
 
 
Table 2. Expected sizes of plasmids and PCR products 
 


















































































catI  cassette 855
pP9K + 1 cassette insertion 6,292
pP9K + 2 cassette insertions 7,147
PCR Products
Empty pP9K attI amplification 235
pP9K attI amplicon w/ 1 cassette 1,090
pP9K attI amplicon w/ 2 cassettes 1,945
sacB amplicon 1,673
Thermal Cycling Temp [C] Time [min] 
Initial denature 95 5 
Denature 95 0.5 
Anneal 56 0.5 
Extension 72 3 
Final extension 72 3 
Hold 4 forever 
Reaction Volumes Volume (ul) 
 
  
Amplitaq Gold Mastermix 12.5 
pP9K_attI_F primer 10 uM 2 
pP9K_attI_R primer 10 uM 2 
Nuclease free water 6.5 
Template 2 





4.10 Appendix. Supplementary Methods 
4.10.1 Competency, Transformation, Post-transformation Digests 
4.10.1.1 Competency 
E. coli MG1655 and E. coli S17-1 cells were made electro-competent using an in-house 
cold-water competency protocol to prepare for transformation of the plasmids. For each host cell, 
a loop of overnight culture was used to inoculate 50 mL of Luria Broth (LB). Cultures were 
grown to an OD600 of 0.35-0.40 before chilling on ice at 4° C for 30 minutes. Cultures were then 
pelleted in a centrifuge held at 4° C and 4750 RPM for 5 minutes, the supernatant was discarded, 
and the pellets were re-suspended in 25 mL ice cold water.  This wash step was performed a total 
of three times before re-suspending each pellet in a total volume of 200 ul ice-cold water. 
4.10.1.2 Transformation 
Fifty microliters of the resulting electro-competent cells were placed in a pre-chilled 0.2 
cm cuvette along with 5 ul of the respective plasmid DNA before electroporation on a Bio-Rad 
Gene Pulser set to 2.5 kV and 25 capacitance. The electroporation mixture was immediately 
transferred to 1 mL of LB broth pre-warmed to 37° C and placed in a 37° C shaking incubator 
for 1 hour.  P9K and CAT9K cells were then spread onto LB agar plates with 50 ug/ml 
carbenicillin and 50 ug/ml kanamycin, respectively. Plates were placed in a 37° C incubator 
overnight.   
4.10.1.3 Post-transformation digests 
Resulting colonies were used to inoculate 3 mL fresh LB broth and grown overnight in a 
shaking incubator at 37° C to make cultures for plasmid DNA extraction using Qiagen Miniprep 
kit. Restriction digests were used to verify that the plasmids were successfully transformed.  




generate fragments consistent with their designed sizes when visualized using gel 
electrophoresis, 5,437 and 6,276 bp respectively. 
4.10.2 General Pure Culture Conjugation and Validation Procedure 
4.10.2.1 Preparation and validation of donor and recipient cell cultures 
P9K and CAT9K cells were inoculated in 2 ml LB broth with 50 ug/ml carbenicillin and 
2 ml LB broth with 50 mg/ml kanamycin, respectively, and placed at 37o C on a shaking 
incubator overnight. To screen for spontaneous mutations conferring chloramphenicol resistance 
in P9K, 100 ul of overnight culture was spread-plated on LB agar containing 50 ug/ml 
chloramphenicol and incubated overnight at 37o C. Spontaneous mutations conferring 
carbenicillin resistance in CAT9K were screened for by spread-plating 100 ul of overnight 
CAT9K culture on LB agar containing 50 ug/ml carbenicillin followed by incubation overnight 
at 37o C. To screen for unintended expression of the chloramphenicol resistance gene cassette in 
CAT9K, 100 ul of overnight CAT9K culture was spread-plated on LB agar containing 10 ug/ml 
trimethoprim and 25 ug/ml chloramphenicol followed by incubation overnight at 37o C. 
4.10.2.2 Conjugation procedure 
Cultures of P9K at stationary phase and CAT9K at exponential growth phase were made 
by diluting overnight cultures of P9K and CAT9K 1:100 in LB broth with 50 ug/ml carbenicillin 
and 50 ug/ml kanamycin, respectively, for a total volume of 4 ml each. Cultures were then 
placed at 37o C on a shaking incubator for 4 hours until CAT9K reached an approximate OD600 
of 0.35-0.4. Antibiotics were washed out of the cell cultures prior to addition to the conjugation 
mixture by transferring 1 ml of each culture into separate 1.5 ml tubes, pelleting in a centrifuge 
at 4750 RPM for 5 minutes, and re-suspending in 1 ml LB with no antibiotics. This wash step 




washed culture to 0.22-micron filters placed on the surface of LB agar plates containing 0.5 mM 
IPTG. Control plates with no IPTG inducer were also included.  Plates were incubated right-side 
up at 37o C overnight. Filters were then removed from the agar plates, placed into 1.5 ml tubes 
along with 1 ml LB broth, and vortexed to re-suspend the cells before diluting each tube down to 
10-7 with fresh LB broth. 
4.10.2.3 Post-conjugation screening 
To screen for unintended plasmid transfer and maintenance, 100 ul of the 10-3, 10-4, and 
10-5 diluted cell mixtures were spread-plated on LB agar containing 50 ug/ml carbenicillin and 
50 ug/ml kanamycin. Colony counts were recorded after incubating the plates overnight at 37o C. 
To select for P9K cells with successful chloramphenicol cassette integration, the undiluted and 
10-1 diluted conjugation mixture was plated on LB agar with 50 ug/ml carbenicillin and 25 ug/ml 
chloramphenicol. Colonies that grew on the integration selection plates were re-plated on fresh 
integration selection plates and finally transferred again to another integration selection plate on 
a grid. 
4.10.2.4 Verification of cassette capture 
Colonies on the grid plate were used for colony PCR using pP9K_attI primers and 
Amplitaq Gold Supermix according to the manufacturer’s recommendations.  Thermal cycling 
conditions and reaction volumes are listed in Table 3. Template was made by putting 2 ul of 
nuclease free water in 0.2 ml PCR tubes, touching a toothpick to a colony, and briefly agitating it 
in the tube. Colonies yielding amplicons larger than 235 bp when visualized using AGE, the size 
corresponding to an empty integron array, were grown overnight in LB broth and plasmid DNA 
was extracted using a Qiagen Mini-prep kit according to the manufacturers instructions.  Plasmid 




as an additional method of verifying successful cassette insertion.  The size of a chloramphenicol 
cassette is 855 bp, therefore pP9K plasmids with successful insertions were at least 855 bp larger 
than a pP9K plasmid control with no insertions.  PCR product was also generated and sequenced 
using Sanger sequencing. Additionally, bulk DNA was extracted from the undiluted conjugation 
mixture followed by PCR with pP9K_attI primers to determine if cassette insertions can be 
detected prior to selection.   
4.10.3 Environmental Conjugation Procedures 
4.10.3.1 Manure assay 1 
Conjugations in LB broth utilizing P9K and various dilutions of swine manure were 
performed. These dilutions were made with manure directly from the retention pit with no 
additional incubation or wash steps included prior to conjugation. Dilutions of 100-10-6 as well as 
25% and 75% manure were made in PBS.  Each conjugation consisted of 1 mL of manure, 1 mL 
of overnight P9K culture and 10 ul of 100 mM IPTG in 15 ml falcon tubes.  A positive control 
containing 1 mL of overnight CAT9K culture instead of manure was included. A sample 
containing 1 mL P9K, 500 ul undiluted manure, and 500 ul overnight CAT9K culture was also 
included. These conjugations were incubated with shaking overnight at 37o C.  Plasmid was 
extracted directly from these cultures and screened for cassette insertions with PCR using 
ppP9K_attI primers. 
4.10.3.2 Manure assay 2 
The assay described in 4.10.3.1 was repeated using manure that was washed three times 





4.10.3.3 Manure assay 3 
The assay described in 4.10.3.2 was repeated using MacConkey media instead of LB 
media. 
4.10.3.4 Manure assay 4 
A conjugation experiment was performed using washed manure that was incubated in LB 
broth to help activate the associated bacterial community prior to addition to the conjugation 
mixture.  The resulting post-conjugation mixtures were then exposed to five different antibiotics 
and incubated to encourage growth of bacteria potentially harboring antibiotic resistance gene 
cassettes.  To do this, 2.5 mL of washed, undiluted swine manure was mixed with 2.5 mL LB 
broth and incubated with shaking overnight at 37o C. A total of ten 500 ul aliquots of this 
overnight LB manure culture were prepared in 1.5 mL tubes.  Five of those tubes were mixed 
with 500 ul overnight P9K culture and the other five were mixed with 250 ul overnight CAT9K 
culture and 250 ul overnight P9K culture. All tubes received 5 ul of 100 mM IPTG and were 
incubated overnight with shaking at 37o C.  The tubes were then spun down at 4750 RPM for 5 
minutes to pellet the cells and the supernatant was removed.  The pellets were then resuspended 
in 2 mL of 50 ug/ml carbenicillin and either 25 ug/ml erythromycin, 10 ug/ml tetracycline, 10 
ug/ml trimethoprim, 50 ug/ml kanamycin, or 25 ug/ml chloramphenicol in LB broth and 
incubated with shaking at 37o C overnight. Plasmids were extracted and screened for inserts with 
PCR using ppP9K_attI primers. 
4.10.3.5 Manure assay 5 





4.10.3.6 Manure assay 6 
A conjugation experiment was performed in which the post conjugation mixture was 
spread on LB agar plates containing antibiotics so that individual antibiotic resistant colonies 
could be screened. 75 ul of overnight P9K culture and 75 ul of washed, undiluted manure was 
added to 850 ul LB broth containing 0.5 mM IPTG. A control sample including 75 ul overnight 
P9K culture and 75 ul CAT9K culture was also included. After incubating overnight at 37o C 
with shaking, the post-conjugation mixtures were diluted down to 10-7 and 100 ul of each 
dilution was spread onto five LB agar plates containing 50 ug/ml carbenicillin and either 50 
ug/ml kanamycin, 25 ug/ml erythromycin, 10 ug/ml tetracycline, 10 ug/ml trimethoprim, or 25 
ug/ml chloramphenicol. Colonies were then transferred to grid plates and screened for inserts 
using colony PCR with pP9K_attI primers. This experiment was repeated but with a 
modification to allow solid surface conjugation.  Instead of adding P9K and manure to LB broth 
and incubating overnight, 75 ul of overnight P9K culture and 75 ul washed, undiluted manure 
was added to a 0.22 micron filter on a LB agar plate containing 0.5 mM IPTG and incubated 
overnight.  The filters were then put in a 1.5 mL tube with 1 mL fresh LB and agitated to 
dislodge the bacteria from the filter.  This tube was then diluted to 10-7, plated on antibiotics and 
screened as described in the general conjugation procedure (Appendix 4.10.2.3). 
4.10.3.7 Manure assay 7 





CHAPTER 5.    GENERAL CONCLUSION 
The research presented in this dissertation focused on enhancing our knowledge 
regarding the factors driving the spread of antibiotic resistance in agroecosystems. We performed 
3 studies to investigate how manure fertilization impacts the resistome of crop soil and how 
ARBs and ARGs move through the soil and into the environment through artificial subsurface 
drainage systems.  
In the first study, we used shotgun metagenomic sequencing to produce a broad picture of 
the impact swine manure application had on the resistome of the soil and drainage water in our 
model system. We found that 68% of the ARGs observed in drainage water resulted directly 
from swine manure treatment. While most of those ARGs attenuated over time, those that 
persisted through the entire 108-day experiment were 49% aminoglycoside and 22% tetracycline 
resistance genes and the majority of those persistent genes were previously associated with a 
variety of mobile genetic elements. The tet(33) gene showed a surprising pattern of enrichment 
over time and has been found on a conjugative plasmid in association with multiple resistance 
genes and mobile elements, indicating its importance in future monitoring efforts. This study 
generally demonstrated that swine manure treatment has a significant impact on the resistome of 
drainage water and the majority of that impact comes from the enrichment of manure derived 
ARGs once applied to the soil.  
In the second study, we used MF-qPCR to describe the movement of ARGs through our 
model system over time following treatment with swine or beef cattle manure. We observed 
drastically different dynamics of transfer and enrichment of ARGs through the soil and water 
between manure types. Although the abundance and diversity of ARGs within the swine manure 




total impact of beef manure treatment on the drainage water resistome became more substantial 
over time and led to a greater overall impact in the drainage water resistome compared to swine 
manure treatment. This study further emphasized that the interactions between manure and soil 
play a large part in driving the selection and enrichment of manure-derived ARBs and ARGs that 
are observed in drainage water, and that these interactions are unique for different manure types.   
In the final study, we constructed a novel reporter strain of E. coli containing a synthetic 
integron in attempts to more completely characterize the pool of actively mobile integron gene 
cassettes in swine manure. We were able to show that the synthetic integron could capture 
exogenous integron cassettes from another lab strain but were not able to demonstrate this within 
manure samples. The initial design was successful as a proof of concept and revealed important 
considerations for future attempts, most important of which was the necessity for choosing a 
recipient strain that does not contain recA and that has a selectable marker that is not likely to be 
present in the environment.  
The first two studies demonstrated that the interaction between manure and soil plays a 
large part in driving the selection and enrichment of manure-derived ARBs and ARGs that are 
observed in drainage water, and that these interactions can be unique for different manure types. 
We did not expect beef cattle manure, which has a less diverse and less abundant resistome 
compared to swine manure, to eventually produce the greater impact on drainage water. Future 
column studies may benefit from introducing more variables that may allow us to describe those 
interactions more thoroughly. Manure treatment was generally accompanied by a large increase 
in ARG abundance that gradually attenuated over time, and the majority of manure associated 
ARGs were no longer detected by the end of our studies. Of the ARGs that did persist through 




mobile genetic elements that may have facilitated this persistence. However, we need additional 
data regarding the abundances of these mobile genetic elements to provide further evidence for 
these associations.  
A more comprehensive understanding of the drivers behind the patterns of ARG transfer 
and enrichment we observed in both of these studies could be provided by investigating the 
relationship between the abundances of these ARGs, mobile genetic elements, and taxonomic 
abundances provided by 16s rRNA amplicon sequencing. This could tell us which bacterial taxa 
are associated with spikes in ARG abundance, who the potential hosts of the persistent ARGs 
are, which ARGs are likely associated with mobile genetic elements, or which ARGs are co-
localized on the same mobile elements. Future efforts to characterize resistomes could also 
utilize longer read sequencing technologies (PacBio) to provide additional information regarding 
the genomic context of these ARGs to verify those that are associated with mobile elements or 
co-localized. 
